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Abstract
Cardiovascular diseases (CVDs) are the leading cause of death worldwide and largely responsible
for the ever increasing costs in healthcare systems. In the last few years, the medical community
has demonstrated a great interest in local arterial stiffness, central blood pressure assessment
and pressure waveform analysis, due to their predictive values in the development of this type
of pathologies. Despite their significance, these hemodynamic parameters remain particularly
challenging to measure in standard clinical practice since most available devices require high
technical expertise (introducing operator dependence), burdensome technologies and/or present
ineffective analysis approaches.
This research work finds its motivation in the potential impact that non-invasive, accurate
and easy-to-use instrumentation could have on the monitoring of hemodynamic condition and on
the diagnosis and control of early stages of CVDs.
In this context, a new generation of prototypes based on the combination of different types of
electromechanical sensors, along with a set of signal processing algorithms suited to the extraction
of multiple hemodynamic parameters were developed. Two major groups of devices were designed
depending on the cardiovascular risk marker to be assessed. The first group, focused on local
arterial stiffness evaluation, explored an innovative double headed probe configuration of acoustic
or piezoelectric (PZ) sensors for the measurement of pulse wave velocity (PWV) and other relevant
time-based indices, in a short segment of the carotid artery. The other main group, centred on the
continuous assessment of arterial blood pressure (ABP) and arterial pressure waveform (APW),
also at the carotid artery, used a vibrator-accelerometer unit mounted in a common support
that enabled the accelerometer to sense the produced vibrations, attenuated and modulated in
amplitude when in mechanical contact with the vessel wall.
The developed prototypes were extensively characterized in test bench systems, purposely
built and capable of reproducing the variability of a wide range of clinically relevant situations,
as well as in in vivo conditions.
Regarding local arterial stiffness evaluation, the first and second generations of developed
prototypes presented good accuracy in time resolution experiments on elastic tubes at the test
bench. Cross-correlation algorithm exhibited the capability of measuring high PWVs (≈ 19 ms−1
and 14 ms−1) with relative errors and coefficients of variation lower than 10% for the different
prototypes. The acquired signals proved to be robust and repeatable, not suffering from crosstalk
effect. The results obtained in a pre-clinical validation trial of twenty healthy subjects with
the second generation of prototypes were very satisfactory, demonstrating that the mean carotid
PWVs obtained were linearly and strongly correlated and were in agreement with other reference
studies. Additionally, the ability to reproduce distinct wave pressure profiles using the PZs probes
was also shown, either using the deconvolution algorithm-based process or a special circuit for
electronic integration.
Concerning APW and ABP assessment, the demodulation process yielded excellent results in
recovering the morphology of pressure wave in test bench and in in vivo conditions. For the two
developed prototypes, several waveforms were accurately extracted from the acceleration, current
xv
or power modulated carriers using the envelope and product detector algorithms. It was possible
to reproduce the pressure waveform for successive higher applanation positions of the elastic
tube at the test bench with a root mean square error of 2.4 ± 0.51 %, when considering the best
extracting method. The effectiveness of a novel calibration method focused on the use of empirical
curves which convert acceleration into pressure was also demonstrated. Through the conservation
of the acceleration carrier amplitude, it was possible to determine the maximum, minimum, mean
and pulse pressure values with relative errors lower than 10 % in bench conditions. Also, the mean
pressure differences between the latest prototype and the reference system were, on average, ≤ 5
± 8 mmHg, satisfying the accuracy criteria of clinically validated ABP devices.
Although clinical validation studies are still required, the global results obtained in this work
for the two major types of prototypes provide great prospects regarding their use as valid alter-
natives to currently available systems, both in clinical and research settings.
Keywords: cardiovascular risk, arterial stiffness, local pulse wave velocity, arterial pressure
waveform, arterial blood pressure, carotid artery, non-invasive biomedical instrumentation, elec-
tromechanical sensors, test bench systems, feasibility studies
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Resumo
As doenças cardiovasculares (DCVs) são a principal causa de morte a nível mundial e largamente
responsáveis pelos custos crescentes nos sistemas de saúde. Nos últimos anos, a comunidade
médica tem vindo a demonstrar um grande interesse na avaliação da rigidez arterial local, pressão
arterial central e na análise da onda de pressão, devido aos seus valores preditivos no desen-
volvimento deste tipo de patologias. Apesar da sua relevância, estes parâmetros hemodinâmicos
permanecem particularmente difíceis de medir na prática clínica, já que a maioria dos dispos-
itivos disponíveis exigem elevados conhecimentos técnicos (introduzindo a dependência de um
operador), tecnologias dispendiosas ou apresentam abordagens de análise ineficientes.
Este trabalho de investigação encontra assim a sua motivação no potencial impacto que in-
strumentação não-invasiva, exata e de fácil utilização pode ter na monitorização da condição
hemodinâmica e no diagnóstico precoce e acompanhamento de DCVs.
Neste contexto, uma nova geração de protótipos baseados na combinação de diferentes tipos
de sensores eletromecânicos, bem como um conjunto de algoritmos de processamento de sinal
adequados à extração de múltiplos parâmetros hemodinâmicos foram desenvolvidos. Dependendo
do marcador de risco cardiovascular a ser avaliado, dois grandes grupos de dispositivos foram
projetados. O primeiro grupo, focado na avaliação da rigidez arterial local, explorou uma con-
figuração dupla inovadora com dois sensores acústicos ou piezoelétricos (PZs) para a medição da
velocidade da onda de pulso (VOP) e outros índices temporais relevantes, num curto segmento
da artéria carótida. O outro grupo, centrado na avaliação contínua da pressão arterial san-
guínea (PAS) e onda de pressão arterial (OPA), também na artéria carótida, usou uma unidade
vibrador-acelerómetro montada num mesmo suporte que permitiu ao acelerómetro detetar as vi-
brações produzidas, atenuadas e moduladas em amplitude quando em contacto mecânico com a
parede do vaso.
Os protótipos desenvolvidos foram extensivamente caracterizados em sistemas de bancada de
teste, desenvolvidos para este efeito e capazes de reproduzir a variabilidade de uma ampla gama
de situações clinicamente relevantes, bem como em condições in vivo.
Relativamente à avaliação da rigidez arterial local, a primeira e segunda gerações de protótipos
desenvolvidos apresentaram boa exatidão nos ensaios de resolução temporal realizados em tubos
elásticos de bancadas de teste. O algoritmo de correlação cruzada exibiu a capacidade de medir
VOPs altas (≈ 19 ms−1 e 14 ms−1) com erros relativos e coeficientes de variação inferiores a 10
% para os diferentes protótipos. Os sinais adquiridos provaram ser robustos e repetíveis, não
sofrendo efeitos de crosstalk . Os resultados obtidos no estudo de validação pré-clínica em vinte
indivíduos saudáveis com a segunda geração de protótipos foram ainda bastante satisfatórios. As
VOPs carotídeas médias obtidas apresentaram uma correlação linear e forte entre si, estando os
resultados próximos dos valores obtidos noutros estudos de referência. Além disso, a capacidade
de reproduzir perfis de onda pressão distintos usando as sondas PZs foi também mostrada, quer
utilizando o processo de desconvolução quer um circuito eletrónico integrador dedicado.
No que diz respeito à avaliação da PAS e OPA, o processo de desmodulação produziu excelentes
resultados na recuperação da morfologia da onda de pressão em condições de bancada de teste e in
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vivo. Para os dois protótipos desenvolvidos, várias formas de onda foram extraídas, com exatidão,
das portadoras moduladas de aceleração, corrente ou potência elétricas, usando os algoritmos de
deteção do envelope e do produto. Na bancada de teste, foi possível reproduzir a forma de onda
de pressão para posições de aplanação do tubo elástico sucessivamente mais elevadas com um erro
quadrático médio de 2.4 ± 0.51 %, quando considerado o melhor método de extração. A eficácia de
um novo método de calibração focado na utilização de curvas empíricas que convertem aceleração
em pressão foi também demonstrado. Através da conservação da amplitude da portadora de
aceleração, foi possível determinar os valores de pressão máximo, mínimo, médio e de pulso com
erros relativos inferiores a 10 % em condições de bancada. Além disso, as diferenças de pressão
entre o último protótipo desenvolvido e o sistema de referência foram, em média, ≤ 5 ± 8 mmHg,
satisfazendo os critérios de exatidão de sistemas de medição de PAS clinicamente validados.
Embora estudos de validação clínica sejam ainda necessários, os resultados globais obtidos
neste trabalho para os dois principais tipos de protótipos dão bons indicadores quanto à sua
utilização como alternativas válidas aos sistemas atualmente disponíveis, tanto em ambientes
clínico quanto de investigação.
Palavras-Chave: risco cardiovascular, rigidez arterial, velocidade de onda de pulso local,
forma de onda de pressão arterial, pressão arterial sanguínea, artéria carótida, instrumentação
biomédica não-invasiva, sensores electromecânicos, sistemas de bancada de teste, estudos de via-
bilidade
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CHAPTER1
Introduction
The first chapter introduces the motivation and the objectives of the present PhD project. After-
wards, the work developed previously in this field by the Electronics and Instrumentation Group
is described, with special focus on the main contributions of the developed work. In the chapter's
final part, the structure of the thesis is outlined.
1.1 PhD Project Motivation
According to the World Health Organization (WHO), the diseases of the heart and circulatory
system (Cardiovascular Diseases or CVDs) remain the number one cause of death worldwide,
accounting for 17.3 million deaths in 2008 (30 % of all global deaths), a number that is expected
to increase to 23.3 million by 2030 [99]. In Europe, the situation is particulary alarming, since
they are presently responsible for 47 % of all deaths and for the ever increasing costs in healthcare
systems [90].
Most CVDs have either a genetic base or have been induced by lifestyle, through the lack of
physical activity, unhealthy diet, smoking or alcohol consumption. As a consequence of these be-
havioural risk factors, other significant metabolic risk factors emerge, such as high blood pressure
(hypertension), raised blood sugar (diabetes), disturbed cholesterol and lipids (dyslipidemia) and
overweight (obesity) [94, 148]. Both types of risk factors frequently coexist in the same individ-
ual, increasing its total cardiovascular risk of developing severe vascular events, such as coronary
heart disease (heart attack) and cerebrovascular disease (stroke), the leading contributors of the
cardiovascular burden [98].
Presently, the global strategies to decrease the incidence, morbidity and mortality of cardio-
vascular diseases include three major key areas of work: (a) surveillance and monitoring, (b)
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prevention and reduction of risk factors and (c) improved management and healthcare through
early detection and accurate treatment [99]. In this context, methods that can detect and control
individuals at risk, in a stage before the pathological process causes considerable and irreversible
damage, are very important from prevention perspective, particularly since therapeutic proce-
dures are getting more effective.
Following the previous strategic lines, the present PhD project finds its motivation precisely
in the potential impact that novel and non-invasive instrumentation based on electromechanical
sensors could provide on the monitoring of hemodynamic condition and on the diagnosis of early
stages of CVD development. Technically, the approach proposed in this work focuses on the
conviction that the arterial pressure wave (i.e.: the wave generated by ventricular contraction
that propagates along the arterial tree) contains valuable information about the condition of
the cardiovascular system and that its accurate assessment allows the estimation of clinically
relevant parameters to diagnose the hemodynamic status of the patients (figure 1.1). The most
relevant parameters used in clinical practice, as cardiovascular risk indicators that can be extracted
from the pressure wave, are arterial stiffness, the Pulse Wave Velocity (PWV), its morphology
with the whole structure of the reflected wave in the arterial branches, i.e. Arterial Pressure
Waveform (APW), the Augmentation Index (AIx) and the classic Arterial Blood Pressure (ABP)
[50, 62].
Figure 1.1: APWs obtained in several locations of aorta in a human subject. The
profile of the pressure wave changes throughout the descending arteries, being con-
stituted by a forward incident wave iw that arrives later in the periphery and a
backward reflected wave rw that returns to the heart. a: Aortic Valve; b: Ascending
Aorta; c: High Descending Aorta; d: Midthoracic Aorta; e: Diaphragmatic Aorta; f:
Abdominal Aorta; g: Iliac Artery. Adapted from [88, 162].
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In general, the solutions available for the clinical assessment of these parameters, in addition
to presenting moderate/high cost and limited accuracy, usually exhibit a simplistic and one-
dimensional perspective of the cardiovascular system function, as they consider the analysis of
one parameter only. For example, devices for measuring PWV don't provide enough information
about the local state of an artery [23, 135], while standard systems for ABP assessment only
describe two specific points of the pressure wave: the highest and the lowest values (systolic and
diastolic pressures, respectively) [11, 127], not containing any information about the profile of the
wave during the cardiac cycle, and thereby preventing the identification of their fine structure,
often indicative of important associated pathologies (atherosclerosis, heart failure, etc.) [102, 103].
These features represent an intrinsic restriction to the information that the healthcare provider
has access to, compromising the effectiveness of the diagnostic process. Thus the need for a
versatile and non-invasive measurement platform capable of performing several simultaneous and
synchronized measurements by means of dedicated probes adapted to each parameter will provide
a more complete perspective on hemodynamic diagnosis. This kind of combined acquisition is
non-existent in current commercially available equipment used in clinical practice, so the present
work aims at contributing to fulfill this need.
1.2 Objectives
This project represents an interdisciplinary effort to develop non-invasive, accurate and low-cost
instrumentation and methodologies for cardiovascular condition monitoring that can support an
effective clinical tool with clear advantages compared to current solutions. For the achievement of
this general purpose, two main approaches were foreseen, aiming especially at the development and
characterization of dedicated probes, based on Microelectromechanical Systems (MEMS) sensors
(Piezoelectric (PZ), accelerometers, microphones), designed to extract relevant hemodynamic
parameters such as local arterial stiffness/PWV or ABP and APW.
Each of the main objectives is now briefly explained.
1.2.1 Local Arterial Stiffness Assessment
Arterial stiffness, which results from the progressive degeneration of the wall's elastic fibres, is a
marker of cardiovascular risk that, in the last few years, has gained great relevance in the medical
community due to its predictive value for cardiovascular mortality and morbidity, target organ
damage, coronary events and fatal strokes in patients with different risk levels [64, 66, 77, 80].
The most direct, simple and robust method of assessing arterial stiffness is PWV, i.e. the velocity
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at which the pressure wave propagates along an artery. Carotid-femoral PWV is considered the
gold standard measurement of arterial stiffness, being supported by several clinical studies that
highlight the relevant contribution of this parameter to the diagnosis, prognosis and follow-up of
the general population/patient [14, 76]. The most prominent commercial devices require moderate
technical expertise; however they have several drawbacks in PWV assessment. The practical
solution used by these systems relies on the acquisition of pulse waves at the carotid and femoral
arteries to determine the time delay between the pressure upstroke at each site (∆t). The distance
between the two acquisition locations (∆d) is usually measured using a tape and then PWV is
automatically determined using the linear ratio between ∆d and ∆t [6, 23]. One source of error is
related to time delay estimation and the lack of standardization on its determination. There are
severable feasible methods to estimate it, however they can't be used interchangeably [86]. On
the other hand, this solution not only negligences opposite wave propagation but also presents
errors in estimating the distance between the recording locations (for example, the curvature of
the arteries cannot be taken into account) [124, 134, 160]. Finally, it introduces a rough estimate
of local properties of the artery, since it integrates different segments of arterial stiffness (carotid,
aorta, iliac, femoral), being unable to differentiate between the muscular and elastic parts.
The possibility of assessing the local hemodynamics is in fact very useful, particularly in the
carotid artery due to its predisposition to atherosclerotic plaques formation and its significance in
the development of coronary and cerebrovascular diseases [2, 41, 65, 147]. Several methods have
already been investigated with the intention of evaluating indices of local arterial stiffness, such as
distensibility, compliance, elastic modulus and local PWV. Most of them are based on the simul-
taneous assessment of diameter and pressure waveforms via ultrasound systems. However, they
present important limitations in what concerns the local pressure assessment that is often taken
in a vessel distant (braquial), or with a time delay from where and when diameter waveform is
acquired (carotid) [25, 42, 85, 137]. To avoid inaccuracies related to local blood pressure measure-
ment, two different approaches were further suggested. The first one, proposed by Giannattasio
et al., combines ecographic data with the pressure waveform captured using arterial tonometry
in the contralateral artery, taking the Electrocardiogram (ECG) as temporal reference [43]. With
this approach, it is possible to perform a synchronized acquisition of diameter and pressure at
similar regions. On the other hand, Hermeling et al. investigated an alternative method to assess
local PWV that does not require the measurement of local blood pressure. This technique is
based on the calculation of time delay between the several diameter waveforms acquired using PZ
elements of an ultrasound probe [47, 48].
In spite of the methodological advances that have been observed in local hemodynamic assess-
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ment, the devices available for the measurement of these variables require high technical expertise
and also burdensome and specialized imaging technologies (i.e. ultrasound and echo tracking tech-
niques) limiting their generalized use in clinical practice [65]. These limitations show that the
introduction of low-cost, non-invasive and easy accessible devices that identify local changes in
arterial wall dynamics, along with other hemodynamic parameters, would be of great interest,
mainly in CVDs surveillance and monitoring. The present work intends to develop novel technolo-
gies and methodologies that can contribute to the achievement of the previous scenario, producing
a new paradigm in the evaluation of local arterial stiffness.
1.2.2 (Central) Arterial Blood Pressure and Waveform Assessment
The measurement of ABP in a human is a vital piece of medical information and the key-element
for the establishment of the diagnostic of hypertension, the major risk factor of CVDs, responsible
for an annual death toll of 12.8 % [98]. Although this condition is readily detectable and efficiently
treatable, it is often asymptomatic and hence the majority of the hypertensive subjects are not
controlled. For example, in the USA only 29 % of the population that suffers from this disease has
their blood pressure measured, while in Europe this percentage is less than 10 %, with Spain and
Sweden getting the most alarming statistics, with approximately 5 % [74, 166, 167]. Based on this
data, it is easy to recognize hypertension as an epidemiological disaster of limitless proportions,
providing very strong reasons that justify a regular, non-invasive and accurate measurement of
ABP.
The standard solutions available for the non-invasive measurement of this parameter have
remained virtually unchanged for the last several decades, evaluating only two specific points of
the blood pressure curve: the highest, Systolic Blood Pressure (SBP), and the lowest, Diastolic
Blood Pressure (DBP). The most well known method of clinical measurement of ABP is based
on a Riva-Rocci sphygmomanometer, that consists of an arm-encircling elastic (cuff) to occlude
the brachial artery, a rubber bulb to inflate the cuff and an aneroid manometer to measure the
arterial pressure. The measurement of ABP can be obtained manually, using a stethoscope, or
automatically, by means of Non-invasive Blood Pressure Devices (NIBP). Most automated NIBP
are based on a technique called oscillometry that measures the amplitude of oscillations during
cuff deflation, using a pressure transducer inside a dedicated monitor. Although these two non-
invasive methods are widely used in the clinical practice, they provide peripheral, slow and limited
time discrete measurements, as well as presenting multiple methodological and observer errors
[9, 122, 140].
In addition to the SBP and DBP values, recently there has been an increasing interest in the
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information enclosed in the time-varying blood pressure curve acquired at the aortic level. On
the one hand, there is evidence that the pressure measured centrally, that is to say close to the
root of aorta, has a higher predictive value for cardiovascular events than peripheral (brachial)
blood pressure [2, 29, 83, 126, 128, 156]. Central Blood Pressure (cBP) enables an improved
quantification of the true load exerted on the heart, brain and other central organs, due to its
anatomical proximity, being systematically lower than peripheral pressure, as a result of the pulse
wave amplification phenomenon along the arterial tree [91].
On the other hand, the descriptive analysis of cBP waveform provides additional information
about cardiovascular status, namely regarding the interaction between the blood ejection of the
left ventricle, aortic valve closure and the elasticity and integrity of the arteries. Several features
of the aortic waveform, such as amplification ratios, AIx or amplitude and time intervals of
prominent points of the curve are independent of calibration procedures and add risk assessment
information, apart from that of the absolute blood pressure values itself [79, 100, 102, 143].
Nevertheless, the main problem with cBP is that the only way to measure it directly is
by means of catheterization, which remains the gold standard but has evident problems such
as complexity, high cost and patient risk, invalidating the use of such invasive approach on a
regular monitoring basis. Currently, the alternative methods that allow non-invasive assessment
of central hemodynamics are based either on the transformation of peripheral waveforms into
central aortic pressure waveforms, using a generalized transfer function [27, 38, 40, 53] or in the
direct measurement of carotid pressure waveforms that also demonstrated to be a good surrogate
of central aortic pressure waveforms [149]. Applanation tonometry, where a superficial artery is
flattened against a bone structure is considered the reference technique for pressure waveform
assessment either in the radial, brachial or carotid, although recent ultrasound devices proved
to be a valid alternative in diameter (pressure) waveform measurements on the carotid artery
[59, 153]. In addition to the high technical skills of the operator and the burdensome devices
that both techniques demand, they also require an extra calibration system in order to quantify
the pressure waveform that they have generated [101, 104, 130]. In fact, the calibration process
is where the real problem stands in obtaining good estimates of central pressure. It makes use
of the standard auscultatory method or oscillometry to obtain SBP and DBP and consequently
calculate the average blood pressure, i.e.: Mean Arterial Pressure (MAP), using approximative
equations. For the calibration of the curves, it is assumed that the DBP and MAP remain
rather constant throughout the arterial tree [55, 109]. However, this approach, besides being
questionable, presents inherent errors associated to the cuff sphygmomanometers [11, 22, 75].
The lack of alternatives offering an accessible and accurate means of obtaining quantifiable
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information on levels of ABP is one of the main problems of this area. In this sense, the main
intention of this project is developing a non-invasive instrument and method that combine the
possibility of acquiring the central pulse waveform at the carotid artery, calibrated in terms of SBP
and DBP, without the necessity of an additional peripheral cuff method. The achievement of this
purpose, enables a paradigm shift in the blood pressure measurement, representing a significant
technological advance in an area that has nearly not evolved for 130 years.
1.2.3 Experimental and In Vivo Characterization
The non-invasive assessment of hemodynamic parameters has been, and still remains, a perma-
nent challenge posed to the scientific community. The literature shows many contributions to this
quest, expressed mostly as novel methods for the assessment of the pressure wave, whose mor-
phology and quantification are directly connected to the extraction of all the clinically relevant
hemodynamic features. In this context, and over the last few years, the work of the researchers
has evolved in three main action lines: one dealing with probes and electronics developments, the
other one related to the optimization of the algorithms in extracting these significant parameters
and the last one regarding the clinical feasibility of such innovations through a set of medically
controlled in vivo tests.
The present work attempts to explore the aforementioned action lines in sequential stages. In
fact, the main efforts of this research project will be placed on the development and experimental
characterization of new instrumentation and signal processing techniques for the evaluation of
the two most important markers of cardiovascular risk. For this general purpose, a test bench
capable of reproducing the major hemodynamic properties of the cardiovascular system, including
the variability of its primary ventricular action, would be an invaluable tool for measuring and
validating all these developments, in a controlled laboratory environment.
Several bench systems for cardiovascular emulation can be found in the literature, although
most of them are limited to algorithmic validation and to the study of a specific parameter or
condition. For example, Hermeling et al. [48] studied PWV over short arterial segments using
an ultrasound based bench system and focusing on the foot-to-foot class of algorithms while
Swillens et al. [141] described a sophisticated phantom for pressure and flow wave simulation and
measurement, using linear wave separation and wave intensity analysis. Other authors address
wave separation studies, a major issue in hemodynamics, using data collected in special purpose
test benches. Feng and Khir [35] reported on an algorithm to separate the velocity waveform into
its forward and backward directions, tested with the measured diameter of flexible tube wall and
flow velocity. Wang et al. [159] used data from a bench model that produces a solitary wave, that
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can be repeated reproducibly, to demonstrate the efficiency of wave intensity analysis in wave
separation.
The conception of a special architecture for a programmable test bench system that can be
easily adapted to multi-parameter assessment, mimicking the variability of a range of clinically
relevant situations, has not been addressed, to the best of our knowledge, presenting a challenge
that will be handled in the present work.
In addition to the experimental characterization, the ultimate goal of the present project
is the in vivo assessment that will be fundamental to validate the feasibility of the developed
technologies and methodologies in future clinical applicability. The possibility to compare them
with the standard devices will also be explored in order to highlight their added-value. Several
in vivo tests are planned at two prestigious healthcare institutions in Coimbra: Instituto de
Investigação e Formação Cardiovascular (IIFC) and Escola Superior de Tecnologia da Saúde de
Coimbra (ESTESC), where it is possible to assess a significant number of healthy subjects as well
as with different cardiovascular pathologies, namely hypertension.
1.3 Framework and Group Team Contributions
The main devices used in clinical environment for cardiovascular status analysis are described in
the literature in several review articles [11, 65, 107], and have remained essentially unchanged over
the past two decades. Although some approaches for new instrumentation have been presented
by the scientific community, the most significant contributions have been observed in method-
ological aspects for vascular hemodynamics assessment. Most of them have been produced in
research groups such as the ones of Patrick Segers based in the Biomedical Technology Institute
(BioMMeda) at Ghent University, Michael F. O'Rourke at the University of New South Wales
(Sydney, Australia), Tammos Delhaas at the department of Biomedical Engineering of the School
for Cardiovascular Diseases in the Maastricht University or of Roland Asmar in different units at
Broussais Hospital and Paris VI - Pierre & Marie Curie University.
It is precisely in this context that, in 2006, the Group of Electronics and Instrumentation -
Centre of Instrumentation (GEI-CI), combining the previous work and vast experience in physics
instrumentation with the creation of the Biomedical Engineering course in Coimbra's University,
launched the basis for the development of creative and technologically innovative solutions ap-
plied to cardiovascular hemodynamics and later to other areas such as biompedance and cochlear
implants. The establishment of strategic partnerships with medical units and the industry were
also accomplished, in order to reinforce aspects related to medical viewpoint, clinical validation
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and adaptation of the technologies into ready-to-market systems.
Since then, the group has been producing several prototypes and pilot installations as well
as dozen of publications and presentations that have been contributing not only to the academic
and professional training of a significative number of students but also to the determination of
the state of the art in the area of non-invasive instrumentation for hemodynamic parameters
assessment [5, 19, 26, 30, 37, 72, 95, 118, 125, 131, 132, 155].
The work presented in this thesis represents part of the GEI-CI research activity, in the frame-
work of a partnership with the company ISA - Intelligent Sensing Anywhere, IIFC and ESTESC.
This work is also in line with the academic and scientific research carried out by the candidate, in
this area, since joining the group in 2006 for its 5th year graduation dissertation in Biomedical En-
gineer, entitled `Cardioaccelerometery: the assessment of PWV using accelerometers' [118]. Since
then she participated in four funded GEI-CI projects, which resulted in 1 provisional patent ap-
plication, 10 publications in international journals, 7 publication as book chapters and 22 papers
in conference proceedings.
1.4 Main Contributions of this Work
The contributions described in the present thesis address the topic of non-invasive cardiovascular
monitoring, introducing novel instrumentation and methodologies for hemodynamic condition
assessment that can support efficient diagnostic tools, with clear advantages compared to currently
available equipment used in clinical practice.
Concerning the developed instrumentation, the present work describes a new generation of
alternative probes based on the combination of different types of electromechanical sensors. De-
pending on the cardiovascular risk marker to be assessed, two major groups can be identified. The
first group is focused on local arterial stiffness evaluation, exploring an innovative double headed
probe configuration of acoustic or PZ sensors for the measurement of PWV and other relevant
indices, in a short segment of the carotid artery. The other main group is centred on the con-
tinuous assessment of ABP and APW, also at the carotid artery, using a vibrator-accelerometer
unit, mounted in a common support that enables the accelerometer to sense the produced vibra-
tions, modulated in amplitude. In addition to the sensorial units, a dedicated electronic front-end
was developed for the conditioning of the transducers' signals, subsequently integrated in multi-
channel acquisition platforms, adapted either for laboratory or in vivo assessments. The different
probes and instrumentation modules were extensively characterized on purposeful test bench sys-
tems, capable of reproducing the variability of a wide range of clinically relevant situations. As a
9
1. Introduction 1.4. Main Contributions of this Work
consequence, a set of signal processing methods for extracting the main characteristics from the
acoustic, piezoeletric and accelerometric signals were also produced and intrinsically validated.
The final component of this project was focused on the in vivo characterization of the developed
instrumentation and algorithms, through a set of controlled trials performed in two clinical units,
where several patients (healthy and pathological) were assessable by healthcare professionals.
Even though not all of the probes were subjected to pre-clinical validation, they were all tested
in healthy volunteers by experienced operators.
The questions raised in this work have a multidisciplinary dimension, studying and bringing
together knowledge from several fields: cardiovascular physiology for the comprehension of the
underlying concepts of cardiac and arterial hemodynamics; electronics and biomedical engineering
essential to the development of efficient and innovative medical devices; mechanical engineering
in terms of the design, 3D modeling and construction of the instrumentation; signal processing,
regarding the quality improvement and the feature extraction from different types of signals.
In summary, the major contributions of the present PhD project are:
p Vibrator-accelerometer based probes for (central) ABP, APW and other relevant hemody-
namic indices assessment;
p Non-invasive method for the continuous measurement of (central) ABP, APW and other
relevant hemodynamic parameters;
p PZ and acoustic double-headed probes for hemodynamic multi-parameter assessment, such
as local PWV, Heart Rate (HR), Left Ventricular Ejection Time (LVET) and others;
p Multi-channel platforms adapted to experimental and in vivo trials, combining data con-
ditioning and acquisition modules, along with a non-commercial database for patient man-
agement and a real-time acquisition software (both developed purposely for pre-clinical
validation tests);
p Test bench systems capable of emulating the major properties of the cardiovascular system
and dedicated to probes' characterization and calibration;
p Signal processing algorithms, suited to the extraction of multiple hemodynamic parameters
from different types of signals;
p Collection of a set of physiological signals obtained under medical control in healthy subjects.
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The achieved results represent pioneering work in the non-invasive cardiovascular monitoring
area, with new concepts that will be disclosed in the following chapters.
1.5 Overview of the Thesis
In order to guide the reading throughout the thesis, a brief summary of the contents of each
chapter is presented.
This thesis summarizes the work done during the PhD period and is divided in eight chapters
and two annexes, organized as follows:
I Chapter 1 - Introduction - addresses the framework of the present PhD project, in terms of
its motivation, objectives and main contributions. The relevant work developed previously
in this field by the GEI-CI, along with the chapter-by-chapter structure of the thesis, are
also outlined.
I Chapter 2 - Theoretical Framework - introduces the theoretical concepts which are
important for the comprehension of the following chapters' contents. The basics of cardio-
vascular anatomy and physiology as well as arterial hemodynamics are briefly discussed.
Particular emphasis is also given to pathophysiology of CVDs. In the second and third
parts of the chapter, the available methods and instruments for the assessment of cardio-
vascular condition, based on arterial stiffness and ABP measurement are reviewed. The
fundamentals for the understanding of each technique are described, in addition to their
main advantages and limitations.
I Chapter 3 - Instrumentation - presents the instrumentation developed for hemodynamic
parameters assessment. The several generations of measuring probes, dedicated namely to
the estimation of local arterial stiffness and ABP/APW are described. The other main
(hardware and software) components of the developed systems as their general architecture
are also detailed. At the chapter's end, the different versions of the test bench systems,
developed with the intention of emulating cardiovascular dynamics, are characterized.
I Chapters 4 - Methodology - details all the methods used for the experimental and in
vivo characterization of the developed instrumentation. First, the methodology used in the
characterization of dedicated test bench systems is presented. Then, the procedures used
for the performance's evaluation of the two main types of prototypes, dedicated namely to
the estimation of local arterial stiffness and ABP/APW are described. For the former case,
the protocols used in their pre-clinical validation studies are also described.
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I Chapter 5 - Data Processing Techniques - explains the algorithms developed aiming
the extraction of relevant information from the data collected by the developed instrumen-
tation. Two main groups, inherent to the developed technologies, are highlighted: time
delay estimation and demodulation algorithms. The signal processing that is common to
the several devices is presented at the end of the chapter, addressing issues related to signal
segmentation and APW features extraction.
I Chapters 6 and 7 - Experimental Results and Discussion I and II - analyze and
discuss in detail the results achieved using the methodology followed in chapter 4. For
a better acquaintance of the performed experiments, this subject was divided into two
main parts, according to the main approaches supported by this work: part I is related
to the results obtained in the characterization of the instrumentation developed for local
arterial stiffness assessment, including the different versions of the test bench systems and
the measuring probes; part II is related to the results obtained in the characterization of
the best two prototypes developed for ABP/APW measurement.
I Chapter 8 - Conclusions and Perspectives - draws the final remarks, summarizing the
most important results and contributions of this work. Several suggestions and guidelines for
further research work and improvement of some issues in the development of instrumentation
for the cardiovascular condition monitoring are also discussed.
I Annexes A and B - complete the theoretical themes and contain further details on the
various technical aspects of the developed instrumentation together with the obtained re-
sults.
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CHAPTER2
Theoretical Background
In this chapter, the theoretical fundamentals needed for the understanding of the research work's
purposes and application are presented. First, some of the basic concepts of cardiovascular phys-
iology and arterial hemodynamics are described. Then, the pathophysiology of CVDs and one of
the most important cardiovascular risk factors are discussed. Finally, the role of arterial stiffness
and ABP in the evaluation of the cardiovascular condition are detailed. The available methods
and instruments used in the measurement of these two parameters are identified.
2.1 Principles of Cardiovascular Physiology and Pathophysiology
2.1.1 The Cardiovascular System
The cardiovascular system is responsible for the continuous movement of blood through the body,
supplying oxygen and nutrients to all the tissues at the same time that it removes the carbon
dioxide and other metabolic waste from them. This system has three primary components: the
heart, the blood vessels and the blood itself. A fourth component, the lymphatic system does not
contain blood, but is intimately connected with it, serving as an important exchange function in
conjunction with the blood vessels [61].
At the centre of the cardiovascular system lies the heart that can be viewed functionally as
two pumps, right and left, with the pulmonary and systemic circulations. The right and left sides
of the heart are separated by a septum and each side is composed by an atrium and a ventricle
that receives and ejects the blood, respectively.
In the systemic circulation, the oxygenated blood is ejected at a high pressure from the left
ventricle to the aorta artery and reaches all the body tissues through the systemic arteries. Then,
the deoxygenated blood is carried back to the heart through the systemic veins and enters the
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right atrium. The deoxygenated blood is ejected in the right ventricle and travels to the lungs
where carbon dioxide is replaced by oxygen. The oxygenated blood returns to the left atrium of
the heart through the pulmonary veins, completing the pulmonary circulation [61, 87].
In figure 2.1, a schematic illustration of the cardiovascular system with its main circulatory
routes is depicted.
Figure 2.1: Overview of the cardiovascular system. RA - Right atrium; RV - right
ventricle; PA - pulmonary artery; Ao - aorta; LA - left atrium; LV - left ventricle.
Adapted from [61].
2.1.1.1 The Cardiac Cycle
The heart produces electrical impulses by a process called cardiac conduction [164]. These im-
pulses cause the heart to contract and then relax, producing what is known as a cardiac cycle or
heartbeat. The cardiac cycle lasts for about 0.8 s and can be subdivided into two major phases:
the systolic phase (≈ 0.3 s), which corresponds to contraction periods and the diastolic phase
(≈ 0.5 s), which corresponds to relaxation periods. The number of heartbeats during a minute
defines the Heart Rate (HR), expressed in beats per minute (bpm).
Figure 2.2 evidences the relationship between electrical and mechanical events in the cardiac
cycle and table 2.1 summarizes its main mechanic events. For a more detailed description please
consider [45, 164].
At this point, one shall emphasize a particular systolic time interval - LVET - due to its clinical
importance related to the assessment of myocardial contractility and cardiac output [30, 91] and
its prominent role in this study. It consists of the period during which the left ventricle is pumping
blood into the aorta artery. In other words, LVET corresponds to the period during which the
aortic valve remains open.
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Figure 2.2: Changes in blood pressure and volume in the aorta and left ventricle
during the cardiac cycle. 1 - Ventricular filling; 2 - Isovolumetric ventricular contrac-
tion; 3 - Ventricular ejection; 4 - Isovolumetric ventricular relaxation. Adapted from
[164].
Table 2.1: Systolic and diastolic heart events. Ventricular phase itself defines the
global cardiac phase. AV - Atrioventricular valve; AOV - aortic valve; PV - pulmonar
valve. Adapted from [164].
DIASTOLE SYSTOLE
Isovolumetric Ventricular Isovolumetric Ventricular
Ventricular Relaxation Filling Ventricular Contraction Ejection
Events blood flows blood flows blood is compressed blood flows out
into atria into ventricles inside the ventricles of ventricles
AV closed open closed closed
AOV/PV closed closed closed closed
Atria relaxed contracted relaxed relaxed
Ventricles relaxed relaxed contracted contracted
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2.1.2 Arterial Anatomy and Wall Mechanics
The vessels in the arterial tree do not have a constant diameter from beginning to end. In
the systemic circulation, the left ventricle ejects blood into the aorta which then distributes the
blood flow throughout the body using a network of arterial vessels. These vessels branch into
successively smaller caliber arteries until they reach the smallest vascular unit, capillaries, within
organs and tissues. Capillaries then converge into progressively larger vessels (veins) which return
the blood to the heart [61].
On the other hand, all the blood vessels have a similar basic structure with the exception of the
capillaries. From lumen to the exterior, three major concentric regions can be distinguished. The
tunica intima is the innermost layer of the vessels and is responsible for the exchange mechanisms
through the vessel wall. It is composed by a single layer of cells, the endothelium, that performs
the interface between the lumen of the vessel and the tunica media. The tunica media is the
thickest of the three layers and is composed of smooth muscle, allowing the diameter and blood
flow changes of the arteries, during its contraction or dilation. Elastic tissue is also present to
support the blood vessels and guaranteeing the recoil of the walls when pressure decreases. The
tunica media in the arteries is much thicker than in the veins, explaining the higher contractility
Figure 2.3: Cross-sectional schematic representation of an artery wall. Adapted
from [18].
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of the arteries and the thinner vein walls. The outer layer of the arteries and veins is the tunica
externa. It is composed of elastic fibres, collagenous fibres and outer connective tissue, whose
function is to give mechanical support to the walls of the vessels [69, 95, 133].
The relative amount of components forming the arterial wall changes from site to site along
the arterial tree. In general, the amount of elastic tissue diminishes when more distal from the
heart, while the muscular layer in size increases. In other words, the arteries that are proximal to
the heart are more elastic than the distal ones which become gradually stiffer towards periphery
[82].
2.1.3 Arterial Hemodynamics
2.1.3.1 Wave Travel and Velocity
The contraction of the left ventricle generates pressure and flow waves. As a result of the elasticity
of the aorta and their major conduit arteries, these waves are not transmitted instantaneously to
the periphery but they propagate through the arterial tree with a certain speed that is referred
as wave speed or Pulse Wave Velocity (PWV) [162].
The relationship between PWV and the elasticity of the vessel was firstly described by Moens-
Korteweg through the equation:
PWV =
√
Eh
dρ
(2.1)
where E represents the Young's elastic modulus of the artery, d the internal wall diameter, h the
wall thickness and ρ the blood density [69]. This equation is derived assuming that there is no
significant change in vessel diameter (∆d  d), the arterial wall is thin when compared with the
lumen diameter (h  d) and ignoring viscous effects.
From the Moens-Korteweg equation, Bramwell-Hill [24] derived another expression relating
PWV with the vessel's compliance C:
PWV =
√
A
ρC
=
√
V∆P
ρ∆V
=
1√
ρD
(2.2)
Compliance, defined as the rate of change in volume, ∆V, with pressure, ∆P, is inversely
related with PWV, which also depends on the cross-sectional area of the artery, A and the blood
density. D corresponds to the distensibility of the vessel and is determined by the compliance
relatively to the diastolic volume, V [45].
The PWV depends on the vessel size and on the elastic properties of the arterial wall that is
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affected by a variety of factors in health and disease [91]. With the increase of the distance from
the heart there is a progressive increase in the velocity of the pulse wave. Large arteries have the
thicker tunica media of the arterial tree, mainly composed of elastic fibres, allowing significant
wall distension and compression during pressure variations [95]. However, due to the anatomical
branching structure, the vessel's lumen and the thickness of the tunica media begin to decrease
towards the periphery. Thinner tunica media implies less elastic fibres and consequently a lower
compliance. If a vessel is less compliant and the blood volume remains the same, then PWV
increases.
Figure 2.4 shows PWV values along the arterial tree measured at young adult humans and in
a dog. Due to the several similarities between mammalian circulatory properties, earlier exper-
imental data was often derived from canine measurements [82]. Peripheral arteries have PWV
values around 10 ms−1 while in the aorta the wave speed is typically 4 to 5 ms−1.
Figure 2.4: PWV values along the arterial tree in young adult humans (dashed line)
and in a dog (continuous line) [91].
PWV can be measured using different methods. The most direct one is estimated from the
time that it takes for the foot of the pressure wave or other wave type (flow/velocity/diameter) to
travel between two sites a known distance apart. Another, often used, is based on the Bramwell-
Hill equation through simultaneous measurements of the lumen diameter and pressure [107]. Since
PWV is established as a gold standard for arterial stiffness assessment, further details about these
methods will be given in section 2.3.
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2.1.3.2 Wave Travel and Reflection
The arterial tree consists of a system of distensible tubes along which pressure and flow waves,
generated by the heart, are transmitted and also reflected. Since the PWV of these waves is in
ms−1, then the wave generated in one cardiac cycle has enough time to travel to the periphery
and back [91].
Wave reflection takes place at sites of vascular impedance mismatch, i.e. at all bifurcations
and discontinuities of the vascular system or at sites where low resistance elastic arteries join high
resistance muscular vessels [50, 158]. The major reflections occur at the arterioles, where many
bifurcations are present over short distances. However, several studies have evidenced central
locations such as the aorta iliac bifurcation and aortic branches near the level of the diaphragm
(renal arteries) as important discrete reflecting sites [15, 44, 63].
In figure 2.5, the general principle of wave travel and reflection along the aorta and large ar-
teries is shown. At the reflection site, the pressure and flow waves are reflected and the magnitude
of the reflection is the same for both. However, while the pressure wave is reflected 'straight-up',
the flow wave is reflected inversely towards pressure. In other words, reflected pressure waves add
to the incident or forward traveling wave, while reflected flow waves subtract from the incident
wave [82, 162].
Figure 2.5: Principle of wave travel and reflection along the aorta and large arteries
[162].
It is important to emphasize that if no reflections existed in the arterial tree, the measured
pressure and flow waves would be similar in shape. In fact, the reflection wave phenomena is the
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most prominent factor determining their morphology [162].
The moment at which the reflected waves return to the heart depends on the length of the
vessel and the wave speed. Since the wave speed increases with age, the reflections will return
earlier in older subjects.
There are different methods to quantify wave reflection. The gold standard is the wave
separation analysis method that splits pressure and flow waves in their forward and backward
components . Although this separation can be done in the frequency domain (impedance analysis
[163]) or in the time domain (intensity analysis [108]), both approaches require the assessment of
aortic pressure and flow waveforms. As it is often a difficult and time-consuming process, wave
shape analysis based on the pressure waveform alone can be an alternative [60].
Currently, the simplest interpretation of the effect of wave reflection is given through the
Augmentation Index (AIx). This index, predictor of cardiovascular events, became very appealing
in clinical practice, in part because it can be determined non-invasively using an uncalibrated
signal [143].
Considering that this parameter, like PWV, is used to assess arterial stiffness, further details
about its calculation will be given in section 2.3.3.
2.1.3.3 Arterial Pulse and its Morphology
The arterial pulse is a pressure wave generated by the left ventricle contraction during the systole
phase. In the first part of the arterial pulse, the aortic pressure increases rapidly, as the blood
enters the aorta faster than it flows to the peripheral arteries. The maximal aortic pressure
following this ejection phase is called Systolic Blood Pressure (SBP) [154].
After reaching this peak value - Systolic Peak (SP), aortic pressure decreases as the ejection
of blood from the ventricle into the aorta slows down and the outflow of blood to the peripheral
vessels continues. When the aortic valve closes, an elastic recoil of the aorta happens, causing a
slight increase of the aortic pressure. This event is manifested in the pulse tracing as the Dicrotic
Notch (DN) and the Dicrotic Wave (DW) [11].
The lowest pressure in the aorta is called Diastolic Blood Pressure (DBP) and occurs when
the myocardium is resting and the aortic valve is closed. The difference between the systolic and
diastolic pressures is called Pulse Pressure (PP) and represents the blood pressure amplitude.
The Mean Arterial Pressure (MAP) can also be calculated using expression 2.3, corresponding to
the geometric average of the pressure over the entire cardiac cycle:
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MAP =
2DBP + SBP
3
(2.3)
The generic shape of a typical arterial pulse recorded in the aorta is depicted in figure 2.6.
As illustrated, the arterial pulse does not correspond to a simple variation between systolic and
diastolic pressures. It consists of the superposition of an incident and reflected waves and it is
their magnitude and relative timing that determine both the morphology as well as the amplitude
(PP) of the measured pressure wave.
Figure 2.6: Main components of the APW. Pi1- Point of inflection; SP - systolic
peak; DN - dicrotic notch; DW - dicrotic wave; LVET - left ventricular ejection time;
DT - diastolic time; AP - augmented pressure; SBP - systolic blood pressure; DBP -
diastolic blood pressure; PP- pulse pressure. Adapted from [33].
The importance of the reflected wave timing is emphasized by the ageing or pathological
processes. Generally, in younger subjects and in healthy conditions, the reflected pressure wave
arrives during the diastole, helping the coronary perfusion. On the other hand, in older subjects
or in pathological conditions (figure 2.6), the backward pressure wave returns to the heart during
the systole increasing the systolic pressure (augmented pressure) and hence the AIx, contributing
to myocardial ischemia [132].
The arterial pulse is not constant throughout the arterial tree. Pressure waveforms recorded
simultaneously from different arterial sites have different morphologies owing to wave reflections
and arterial stiffness and size differences [91, 154]. As the arterial pulse travels from the aorta
1Point of inflection is caused by the arrival of the reflected wave.
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to the peripheral arteries, several characteristic changes occur (figure 2.7). The arterial upstroke
becomes steeper, the SP becomes higher, the DN appears later, the diastolic wave becomes more
prominent and the end-diastolic pressure becomes lower. In other words, peripheral arterial pulses
have higher SBP, lower DBP, and wider PP than central arterial pulses [71]. In addition, there
is also a delay in the arrival of the pulse wave at peripheral sites, so that the systolic pressure
upstroke begins ≈ 60 ms later in the radial artery than in the aorta [71]. Despite morphologic and
temporal differences between peripheral and central arterial waveforms, the MAP in the aorta is
just slightly greater than that in the radial artery [109].
Figure 2.7: Representation of the changes in the morphology of the arterial pulse
and in the values of PP along the arterial tree [154].
As a consequence of PP amplification between central and peripheral arteries, it is inaccurate
to use brachial PP as a surrogate for aortic and carotid PP, particularly in healthy and middle-
aged subjects where this phenomenon is most significative [65, 91, 135]. Furthermore, there
is evidence cBP may be a better predictor of several conditions, namely carotid intima-media
thickness or coronary artery disease severity, since it more accurately reflects the left ventricular
workload than peripheral pressure assessments [12, 126, 128].
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2.1.4 Pathophysiology of Cardiovascular Diseases
CVDs affect a significant part of the population and remain the leading cause of death worldwide,
with an estimated 17.3 million worldwide deaths in 2008 [99]. There are several types of diseases
that can affect the heart and the vascular system. As such, a differentiation is made between
coronary heart disease (e.g. heart attack), cerebrovascular disease (e.g. stroke), peripheral artery
disease, rheumatic heart disease, congenital heart disease, heart failure, cardiomyopathies and car-
diac arrhythmias. Of these, coronary heart disease and stroke are the most frequent pathologies,
with estimates of 7 million and 6 million deaths per year, respectively [97].
Apart from the congenital pathologies, the underlying origin of most types of CVDs is
atherosclerosis, a gradually developing process in which cholesterol, fatty material and fibrous
tissue build up in the walls of the arteries [99]. The pathogenesis of atherosclerosis will be dis-
cussed next.
2.1.4.1 Atherosclerosis
Atherosclerosis is a complex and slow pathological process in the walls of blood vessels that
develops over many years due to a group of risk factors. These include tobacco use, physical
inactivity, unhealthy diet, harmful use of alcohol, hypertension, diabetes, raised blood lipids,
obesity, advancing age, male gender, genetic disposition, psychological factors, etc. [99].
Over the time, endothelial function deteriorates, stimulating the accumulation and oxidation
of low-density lipoprotein cholesterol (LDL cholesterol) in the vessel wall. This causes a chronic
inflammatory reaction in some locations, leading to the formation of a plaque, a large core of
necrotic and lipid tissue covered by a fibrous cap [60].
In most of the cases, the fibrous cap is strong enough to resist the stress, so the plaque remains
asymptomatic and stable but the vessel wall becomes more stiffer [91].
In cases where the imposed stress on the plaque exceeds its strength, the fibrous cap ruptures
and lipid fragments and cellular waste are released into the vessel lumen. One of the outcomes is
the continuous development of the atherosclerotic lesion by inducing further thrombus formation
and release of more inflammatory mediators, resulting in continued luminal narrowing. The more
drastic outcome of plaque rupture is arterial occlusion, which can result in myocardial infarction,
ischemic stroke, or critical ischemia in peripheral tissues [99].
The main steps involved in the development of atherosclerosis process are schematically rep-
resented in figure 2.8.
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Figure 2.8: Schematic representing the evolution of atherosclerosis process [60].
2.1.4.2 Cardiovascular Risk: the Role of Hypertension and Arterial Stiffness
Any condition or behavior that is associated with an increased risk of developing CVD is called
cardiovascular risk factor. Based on the outcome of large-scale population studies, two main
classes of risk factors for the development of CVDs have been identified: non-modifiable and
modifiable. Among the most important non-modifiable risk factors are: ageing, gender and
heredity. On the other hand, the most relevant modifiable risk factors are hypertension, obesity,
diabetes, tobacco, cholesterol and physical inactivity [34, 98].
Despite the relevance of each cardiovascular risk factor, this research study focused on the
development of new tools for the assessment of a particular one: hypertension.
The role of hypertension is meaningful because it is not only considered a type of CVD but it is
also a risk factor for the development of other CVDs. Hypertension is the single most important
risk factor for stroke and markedly increases the risk of coronary heart disease, heart failure,
peripheral vascular disease, and renal failure [121, 129]. Furthermore, the paramount importance
of hypertension in the estimation of a subject's cardiovascular risk is demonstrated in the latest
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(and previous) guidelines of the European Society of Hypertension (ESH) where ABP is presented
as an independent marker, while all other risk factors are combined [8, 77].
The prevalence of hypertension appears to be around 30 - 45 % of the general population,
with a strong increase with ageing [8]. Therefore, the follow-up of the ABP of those at risk is
vital [59].
In today's clinical practice, hypertension is defined by ABP values assessed at the brachial
artery. According to the current guidelines, a subject is hypertensive if the brachial SBP exceeds
140 mmHg or the brachial DBP exceeds 90 mmHg. Hypertension is classified in three categories
(grades 1, 2, 3) and the ABP of normotensives can be normal or high normal [8]. All the values
can be seen in table 2.2.
Table 2.2: Classification of ABP levels. From [8].
Category Systolic (mmHg) Diastolic (mmHg
Optimal < 120 and < 80
Normal 120-129 and/or 80-84
High Normal 130-139 and/or 85-89
Grade 1 hypertension (mild) 140-159 and/or 90-99
Grade 2 hypertension (moderate) 160-179 and/or 100-109
Grade 3 hypertension (severe) ≥ 180 and/or ≥ 110
Isolated hypertension (mild) ≥ 140 and < 90
There are multiple factors that have been shown to contribute to the pathogenesis of hyper-
tension [96]. However, more recently, increased emphasis has been given to arterial stiffness and
wave reflection as key determinants of elevated SBP and PP [110].
Presently, the ESH guidelines on the management of hypertension recognize the role of arterial
stiffness measurement in the clinical management and have incited the publication of a consensus
document on the measurement of cBP and hemodynamics [1, 8, 110]. A detailed expert consensus
article has also been published on the methodological and clinical issues regarding arterial stiffness
[65].
That said, a broader implementation of established techniques and the development of new
alternatives for the assessment of these two parameters - arterial stiffness and ABP - are self-
evident.
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2.2 Arterial Blood Pressure Measurement
ABP is arguably the most vital piece of medical information and an integral part of clinical
practice. Due to its diagnostic value it is measured in physicians' offices, operating rooms as well
as in intensive care units.
The significance of blood pressure measurements resides in the fact that virtually all physio-
logical processes are reflected in pressure signals, either arterial or venous. Some features of the
ABP such as MAP, SBP and DBP, are epidemiologically linked to numerous circulatory diseases
such as heart attack, stroke, heart valve malfunction or atherosclerosis as well as kidney diseases
and diabetes [144].
The importance of ABP measurements can also be backed by epidemiological data. Glob-
ally, nearly one billion people have high blood pressure (hypertension), thus requiring long-term
vigilance and treatment, including constant blood pressure monitoring [98].
Although one of the first physiological assessments was performed by Steven Hales in 1733
to measure blood pressure, the biomedical community still struggles to develop accurate, reliable
and inexpensive means of obtaining quantifiable information on its levels.
Currently, two main groups of methods for ABP measurement can be distinguished within
the clinical scenario, attending to the type of medical assistance required by the patient. Invasive
methods are specifically used under critical clinical circumstances, when a dynamic evaluation of
the parameter is vital and highly accurate and continuous monitoring of BP is necessary (e.g.
surgical interventions and intensive care medicine). Nonetheless, they imply intrusiveness, i.e. the
direct contact with the blood vessel. Non-invasive methods are indirect methods that attempt to
measure the same intra-arterial pressure, superficially on a major artery by a manual or automatic
technique. These methods are less accurate than the previous ones and are established for non-
critical/chronic clinical situations [11, 78].
The established methods and technologies used in the invasive and non-invasive measurement
of ABP, as well as their main advantages and shortcomings, will now be discussed.
2.2.1 Critical Circumstances: Invasive Methods
2.2.1.1 Intra-arterial Catheter Systems
Intra-arterial catheterization systems hold the actual gold standard title for ABP monitoring,
providing accurate and continuous beat-to-beat readings. Since calibrations can be constantly
performed (thus correcting eventual baseline drifts and changes in sensitivity) for a static (mean)
blood pressures, this parameter can be assessed for relatively long periods of time, enabling the
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monitoring of its dynamics approximately in real-time [78].
These methods require a catheter, connected to an electronic pressure transducer, to be in-
troduced into a blood vessel. Several peripheral arteries are available for catheterization, however
radial artery is the most common in anaesthesia and critical care procedures.
Despite their high-accuracy in assessing ABP and APW, these invasive systems cause discom-
fort/pain to the patient and represent some potential danger to him, since the risk of complica-
tions, such as haemorrhage, thrombosis, air embolism and infection increases.
Their high cost and high technical expertise requirements are also important limitations,
making them totally unsuitable to be applied in large groups and/or in screening scenarios.
2.2.1.2 Swan-Ganz Catheterization
Swan-Ganz catheterization represents another method for assessing blood pressure on a contin-
uous basis. However, it is used to measure pulmonary artery pressure and pulmonary capillary
wedge pressure rather than arterial pressure.
The involved procedure is one of the most invasive ones, because the introduction of the
catheter takes place in relatively large vessels (jugular, subclavian or femoral vein) and sub-
sequently the tip of the catheter is placed in the patient's heart in order to reach pulmonary
artery/capillary vessels [144].
There is a variety of models of Swan-Ganz catheters, making use of thermodilution and optical
fibres, among other technologies. The counterparts associated with Swan-Ganz technique are
quite close to those already presented for intra-arterial methods, since the technological solutions
and basic features are shared by both methods [78, 144].
2.2.2 Chronicle Circumstances: Non-Invasive Methods
2.2.2.1 Auscultatory and Oscillometric Methods
The most well know non-invasive method of clinical measurement of ABP is based on a Riva-
Rocci2 sphygmomanometer, that is composed by an arm-encircling elastic cuff to occlude the
blood vessel, a rubber bulb to inflate the cuff and an aneroid manometer to measure the arterial
pressure.
When the measurement of ABP is obtained manually, a stethoscope is required, in order to
auscultate the Korotkoff sounds generated, as the cuff is slowly deflated (figure 2.9).
2Italian internist and paediatrician that invented the first cuff device pressure in 1896.
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These sounds are a complex series of audible frequencies produced by turbulent flow, instability
of the arterial wall and shock wave formation created as the cuff is deflated. The pressure at which
the first Korotkoff sound is auscultated is generally accepted as the SBP (phase I). The nature
of the sound progressively changes (phases II and III), becoming mued (phase IV) and finally
absent (phase V). DBP is recorded at phase IV and V [82].
Figure 2.9: Korotkoff auscultation method. The sphygmomanometer cuff is inflated
by a hand bulb above the SBP level. Cuff pressure is then slowly released and blood
flow in the brachial artery is monitored by a stethoscope. From [161].
When the measurement of ABP is obtained by automated Non-invasive Blood Pressure De-
vices (NIBP), the stethoscope is not needed. Most automated NIBP are based on the technique
called oscillometry that measures the amplitude of oscillations which show-up in the inner cuff
pressure signal during cuff deflation, using a pressure transducer inside the monitor (figure 2.10).
Peak amplitude of arterial pulsations corresponds to the MAP. Values for systolic and diastolic
pressures are derived using specific and often proprietary algorithms that evaluate the rate of
change of the pressure pulsations. Nevertheless, SBP is generally chosen as the pressure at which
pulsations are increasing and are at 25 to 50 % of the maximum. DBP is harder to determine
but is commonly placed at the point where the pulse amplitude had declined by 80 % [82].
Although other techniques have been described for automated NIBP measurement (e.g.: em-
ploying a microphone in the place of the stethoscope or employing a transcutaneous Doppler
sensor to detect the motion of the blood vessel walls in the different occlusion states), none have
yet succeeded the standard oscillometric technique [161].
Both methods previously described (standard auscultatory method and oscillometry) are
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Figure 2.10: Comparison of ABP measurements using Korotkoff sounds and oscil-
lometry. Oscillometric SBP is recorded at the point where cuff pressure oscillations
begin to increase, MAP corresponds to the point of maximal oscillations and DBP is
measured where the oscillations are attenuated. [161].
widely used in the clinical practice, namely due to their ease of use, safety and low-cost. How-
ever, they can only provide slow and time discrete measurements of ABP. Both methods typically
require 20 s - 45 s to obtain a valid measurement and it is necessary to wait a long period of
time before starting a new measurement (> 1 m), in order to avoid vessel wall damage. These
methods have also other major drawbacks, such as: peripheral ABP measurement, dependence
of an appropriate cuff size, dependence on operator's sensitivity (auscultatory method), no stan-
dardized algorithm for identifying either the SBP and DBP and inconsistent measures due to the
absence of systems validation (oscillometric method) [11, 122, 139].
2.2.2.2 Vascular Unloading Method
To address the need for a continuously non-invasive ABP, several systems have also been de-
veloped. Those that are well-accepted among the medical community are either based on the
vascular unloading method or on the applanation tonometry.
The vascular unloading method allows for non-invasive, long-term, real-time and beat-to-beat
monitoring of SBP, DBP and APW.
This method, proposed by Penaz in 1973, consists in applying a dynamically adjustable ex-
ternal pressure on a finger that ensures a constant arterial volume. The instrumentation required
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includes a finger cuff, an inflatable bladder and an infrared plethysmographic device that mea-
sures the volume changes of the vessel by illuminating the skin and recording the changes in light
absorption [91, 161].
Technically, the finger arteries are clamped at the unloaded diameter, the point at which
finger cuff pressure and intra-arterial pressure are equal and transmural pressure across the finger
arterial walls is zero. A high-speed mechanism, played by means of a hydraulic servo system
with a valve, allows keeping the artery at this unloaded diameter throughout the cardiac cycle
by varying the pressure of the finger cuff [59, 144].
The first commercial device to materialize this method was Finapres R© (Finapres Medical
Systems, The Netherlands) in 1987. Since then, other upgraded versions have been developed
(Finometer R©) but essentially by the same company (figure 2.11).
Figure 2.11: Measuring finger arterial waveforms and blood pressure with the Penaz
method (Finometer R©Pro, FMS Finapres Medical Systems, Arnhem, Netherlands).
From [51].
Regarding the limitations of this method, it should be emphasized the high risk of venous
return occlusion due to the permanent cuff inflation, the distal nature of ABP measurements, the
inconvenience for the patient and also its high-price.
Despite the narrow usage in patient care, vascular unloading method has been particularly
useful in research as a validation method [28]. In any case, the method represents the only
alternative to monitor continuously in long term, namely in ambulatory scenarios.
2.2.2.3 Tonometric Method
Applanation tonometry relies on the flattening of a superficial artery supported by a bone struc-
ture (e.g. radial artery) using a pressure transducer - tonometer (figure 2.12). The sensory
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element of an arterial tonometer usually consists in a linear array of miniature independent pres-
sure transducers, spaced less than a millimetre away from each other. The idea is to ensure that
at least one of them will be correctly positioned, i.e. be right over the artery, providing a good
quality signal.
The flattening process is executed by means of an inflatable cuff that presses the sensory
element against the wrist. As long as stress forces exerted by arterial walls remain parallel to the
surface of the tonometer, the contact pressure shall be equal to ABP [11, 161].
Although tonometry allows a continuous non-invasive measurement of APW, in order to obtain
a calibrated profile in terms of minimum (diastolic) and the maximum (systolic) blood pressures,
an external instrument, usually a cuff technique, is required (figure 2.12).
(a) (b)
Figure 2.12: Applanation Tonometry. (a) Principle of applanation tonometry [91].
(b) Calibration via an occlusive method [81].
Additionally to this limitation, the complexity of the procedure itself must also be pointed
out. The precise positioning of the sensor on the radial artery can be difficult to obtain, namely
if a manual tonometer is chosen instead of an automated one. In both cases a highly skilled
operator is necessary. Other disadvantages of this method include the introduction of motions
artefacts by the subject that may lead to signal distortions, the high-cost of the technology and
the distal measurements of APW and ABP. Although a central measuring site is possible (carotid
artery), the fact that the artery is not supported by bone structure and the breathing patterns
may interfere significantly with the acquisition process [81].
The reasons listed so far, represent, consequently a major drawback if one thinks of integrating
tonometric method in ambulatory, long-term monitoring instrument.
The most well-know commercial devices based on applanation tonometry for ABP and other
hemodynamic parameters extraction are the SphygmoCor (ArtCor, Sydney, Australia) [84] and
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the PulsePen (Diatecne, Milan, Italy) systems. More details in subsection 2.3.4.
2.2.2.4 Standards and Accuracy Validation
The majority of (auscultatory and oscillometric based) devices available in the market for non-
invasive ABP measurement have not been evaluated independently for accuracy, according to
the standards set by three main professional societies: the Association for the Advancement of
Medical Instrumentation (AAMI), the British Hypertension Society (BHS) and the ESH.
In 1987, the AAMI published a standard for validation of electronic or automated sphygmo-
manometers, which included a protocol for evaluating the accuracy of devices [7]. In 1990, a
protocol was devised by the BHS and later by the ESH. This was then used as the basis for the
International Protocol [93].
In the context of this research work, special attention will be given to the AAMI standard.
According to it, validation tests must be conducted in 85 subjects with three measurements for
each subject. The criteria state that the mean difference between the 255 measurements must
be less than or equal to ± 5 mmHg and the standard deviation must be less than 8 mmHg for
systolic and diastolic pressures [7].
Additional data regarding this standard and other aspects of accuracy requirements and pro-
tocol considerations for non-invasive ABP monitors can be found in a special-purpose online
resource - dabl R© Educational Trust . As such, for further information please consider [92].
2.3 Arterial Stiffness Measurement
Over the last years, great emphasis has been placed on the role of arterial stiffness and wave
reflections in the clinical assessment of patients with hypertension and various CV risk factors
[39, 64, 80].
Several hemodynamic indices can be used to quantify arterial stiffness, depending on the scope
and area of application in which the researcher or clinician is interested.
Arterial stiffness can be measured non-invasively at the systemic (systemic compliance), re-
gional (between two arterial sites, most frequently between the carotid - femoral arteries) or local
level (common carotid artery or any peripheral artery).
In opposition to systemic arterial stiffness, which can only be estimated from models of the
circulation, regional and local arterial stiffness can be measured non-invasively and directly, at
distinct locations along the arterial tree [65].
In the context of this research work, only the most commonly local and regional parameters
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of arterial stiffness will be addressed. For a more profound overview of the methodological issues
and clinical applications on arterial stiffness measures please consider [65, 107, 150].
2.3.1 Direct measures of arterial stiffness - local parameters
The most usual local measures of arterial stiffness are compliance, distensibility, Young's elastic
modulus and local PWV. Compliance (C) is the ratio of volume change for a given change
in pressure. However, in practice the volume of an artery is not easy to measure and is often
replaced by cross-sectional vessel area. The cross-sectional area (A) is obtained from the diameter
waveform (d) by assuming that the artery is rotationally symmetrical [85]:
A =
pid2
4
(2.4)
As a result, cross-sectional compliance (C) and distensibility (D) coefficients, representing the rel-
ative and absolute changes in lumen area during systole for a given pressure change, are calculated
as [85]:
C =
∆A
∆P
(2.5)
D =
∆A
Adias∆P
(2.6)
and, Young's elastic modulus (E) as:
E =
d2dias
h ∆d∆P
(2.7)
with ∆A as the local change in area between systole and diastole, ∆P the local pulse pressure,
Adias the local area at diastole, ddias the local diameter at diastole and h the arterial wall thickness.
Local PWV is obtained from the distensibility coefficient according to the Bramwell-Hill model
assumption [24]:
PWV =
1√
ρD
(2.8)
in which ρ is the fluid (blood) density.
These indices require simultaneous measurements of pressure and diameter at a given arterial
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location (namely carotid artery). Diameter waveforms are usually measured via ultrasound sys-
tems while pressure waveforms are assessed by applanation tonometry. Since their determination
demands skilled operators, specialized devices, proper calibration (tonometry) and it is relatively
time-consuming to perform both techniques correctly, the measurement of local stiffness is usually
restricted to research settings rather than routine clinical practice [60, 154].
2.3.2 Direct measures of arterial stiffness - regional parameters
Regional stiffness measures rely on the measurement of the wave speed of the arterial pulse along
a section of the arterial tree. Though PWV can be measured along any segment of the arterial
tree, the major vessel of interest is the aorta.
Currently, carotid-femoral PWV is the most widely used index of arterial stiffness, and has
demonstrated its predictive value independent of classical risk factors in several longitudinal
follow-up studies, performed at different centers throughout the world and including various
types of populations. The measurement of carotid-femoral PWV has been considered the gold
standard measurement of arterial stiffness and is generally accepted as the most simple, robust
and reproducible method to determine aortic stiffness [65].
The assessment of PWV involves measurement of the time delay or Pulse Transit Time (PTT)
of the arterial pulse along the analyzed arterial segment, ∆t and the distance between both
recording sites, ∆d (figure 2.13) [6, 23].
PWV =
∆d
∆t
(2.9)
The time delay is determined from a characteristic point of the arterial pulse, usually its foot
because it is considered to be free of reflections. There are three main algorithms to identify the
foot from APW: a) maximum upstroke of second derivate; b) time-point at 20 % of the APW
upslope and c) intersecting tangents (interception of minimum value of APW with the steepest
part of the slope) [23]. There is evidence that the intersecting tangent method is the most reliable,
although the other two methods also proved to be consistent and not influenced by HR [86].
The path length between recorded sites is not easy to measure due to the trajectory or
curvature of vessels [124, 134, 160]. Several hypothesis are mentioned on the literature for distance
determination, however two approaches are mainly used: 1) the simplest assumes the arterial
segment under study as a homogeneous and isotropic material, without any curvature, and simply
measures the distance between two sites of the body using a measuring tape; 2) the other approach
uses a corrected value, resulting from the subtraction of the distance from the carotid location to
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Figure 2.13: Measurement of carotid-femoral PWV using simultaneous non-invasive
pressure measurements and the foot-to-foot method. Adapted from [91].
the sterna notch from the total distance [23].
Nevertheless, in a very recent expert consensus document, user procedures for the measure-
ment of aortic stiffness using carotid-femoral PWV in daily practice have been established [150].
As such, it is recommended to measure direct straight distance between the two measurement
sites with tape measure and use 80 % of this distance as pulse wave traveled distance, as well as,
to use 10 ms−1 as standard cut-off value for PWV in the prediction of cardiovascular events.
2.3.3 Other measures of arterial stiffness - wave reflections
2.3.3.1 Central pressure wave analysis
As described in section 2.1.3, the wave propagation model of the arterial tree considers the APW
to be composed of a forward pressure wave generated by left ventricular contraction and a reflected
pressure wave originated from arterial tree branch points or sites of impedance mismatch. For
elastic vessels, in which the PWV is low, the reflected wave comes back at the aortic root during
late systole and is visible by the presence of a second peak in the pressure waveform. For stiffer
arteries, the reflected wave returns faster and in some cases arrives during early systole, where it
sums up to the systolic pressure.
The timing of return of the reflected wave and the resulting augmentation of arterial pressure
is thus an indirect index of arterial stiffness, which can be quantified through the Augmentation
Index (AIx). This parameter is defined as the difference between the second and first systolic
peaks expressed as a percentage of the PP (figure 2.14).
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Figure 2.14: Definition of AIx in a carotid pressure waveform. Adapted from [154].
The key point to determine AIx is to identify the inflection point. Depending on the location
of the reflected wave in the APW, the first pressure peak can be a reflection point or a systolic
point and, consequently, the second pressure peak will be a systolic point or a reflection point,
respectively.
Table 2.3 explains the differences in AIx calculus and what it could indicate regarding arterial
stiffness.
Table 2.3: Classification of the different APW according to the inflection point position
and AIx calculus. Based on [19, 88].
APW Type APW Properties AIx Calculus
A
The inflection point occurs before the systolic
peak. The AIx is positive, and indicates high
arterial stiffness.
(Ps-Pi) / PP
B
The inflection point occurs shortly before the
systolic peak, indicating small arterial stiffness.
(Ps-Pi) / PP
C
The inflection point occurs after the systolic
peak. The AIx value is negative and indicates
an elastic and healthy artery.
(Pi-Ps) / PP
D
The inflection point cannot be recognized
because the reflected wave arrives in early
systole and merges with the incident wave.
∗
∗ As the inflection point cannot be acknowledged, AIx cannot be calculated.
Though the AIx can be calculated from waveforms obtained at any arterial site, ideally it
should be derived from central (aortic) pressures. Blood pressure measured at the peripheral
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arteries is significantly different from the cBP that most major organs such as the brain, heart
and kidney experience. Non-invasive approximations of central pressures can either be obtained
by carotid artery tonometry [149] or by applying a so-called transfer function on waveforms
obtained at the radial artery [27, 101] (chapter 1, section 1.2.2).
Next to the AIx, central PP and central SBP are also used as indirect, surrogate measures of
arterial stiffness, as they are dependent on the speed of wave travel, the amplitude of reflected
wave, the reflection point, and the duration and pattern of ventricular ejection, namely with
respect to change in HR and ventricular contractility [65, 154].
2.3.4 Commercial Devices
Although there are several methods that can be used for the non-invasive assessment of car-
diovascular condition (e.g. sphygmomanometry, photoplethysmography, tonometry, ultrasound,
magnetic resonance imaging, optical and electromechanical sensors), only some of them are widely
applicable in the clinical settings.
In this subsection, a brief review of the most well-known commercial devices developed for
arterial stiffness and other hemodynamic parameters assessment, and routinely used in clinical
environment, are presented.
Complior R© The Complior (Alam Medical, France) apparatus is currently considered the
gold standard for regional arterial stiffness assessment. It consists of two independent PZ trans-
ducers that are placed on two different sites, more commonly on carotid and femoral arteries.
The PTT is obtained using a correlation algorithm between the waveforms from both transducers
and the distance between the two recording locations is taken using a measuring tape, directly on
the body surface. The pulse waveforms are observed in real-time by an operator and the device,
based on a quality control algorithm, identifies the better pulses, segments them by the foot of
the wave and computes PTT/PWV. Presently, the latest Complior model (Complior Analyse)
is able to do pulse wave and central pressure analysis using the conventional brachial sphygmo-
manometer measurements (mean and diastolic pressures remain constant) to calibrate the carotid
signals [124, 131].
Sphygmocor R© The SphygmoCor device (AtCor Medical, Australia) is a non-invasive di-
agnostic device that enables the analysis of the central and ascending aortic pressure wave, using
a single high-fidelity applanation tonometer (Millar). The pressure wave is calibrated through a
brachial cuff and it is then converted to the ascending aortic waveform using a generalized math-
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ematical transfer function. To assess (regional) PWV, the carotid and the femoral waveforms are
recorded one at a time, simultaneously with an ECG for synchronization purposes. The method
used by SphygmoCor to detect the time delay between carotid and femoral pressure waves is
the foot-to-foot, detected by the intersecting tangents algorithm. Currently, the newest models
of SphygmoCor have the capability to assess a wide number of parameters, such as AIx, HR,
central SBP, DBP and PP, Maximum Rate of Pressure change (dP/dt), Subendocardial Viability
Ratio (SEVR), etc. [5, 124, 131].
Arteriograph R© The Arteriograph (TensioMed, Hungary) is an oscillometric based device
used for ABP, AIx and PWV computation. The oscillometric pressure curves are registered in the
brachial artery, detecting small oscillations on the upper-arm-cuff when the pressure of the cuff
exceeds the systolic pressure and the artery is completely blocked. For the analysis of the pulse
wave, the time difference between the beginning of the first wave (forward wave) and the beginning
of the second (reflected wave), required for the PWV measurement, is identified [124, 131].
PulsePen R© The PulsePen (Diatecne, Italy) is a tonometric device designed for PWV,
cBP and other parameters assessment, such as AIx, LVET, HR, etc. Similarly to Sphygmocor
device, the PulsePen is composed by a tonometer and an integrated ECG unit for synchronization,
following the same methodology for pressure calibration and central pressure waveform assessment
[5, 131].
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CHAPTER3
Instrumentation
This chapter, divided into four main sections, describes the developed instrumentation. The first
section depicts the architecture and the most important parts of the developed measuring systems
and test bench systems. The second and third sections detail the most important versions of the
two major groups of electromechanical prototypes dedicated to the assessment of the most relevant
hemodynamic parameters. In the final section, the different versions of the test bench systems,
developed with the intention of replicating the cardiovascular dynamics, are illustrated.
3.1 Introduction
The development and validation of low-cost systems for hemodynamic multi-parameter assessment
constitutes, in itself, an innovation factor. Furthermore, and following the presentation line of
the state of the art, it was demonstrated that the existing technologies devoted to hemodynamic
condition and diagnostic of early stages of CVD disease have remained virtually unchanged for
the last decades, presenting not only methodological and observer errors but also limitations on
the clinical information that they provide.
The present chapter introduces some potentially novel solutions for the referred problem,
detailing the instrumentation developed in the framework of this project, namely hardware (i.e.
electronic devices, mechanical components, etc.) and also dedicated non-commercial software.
The processing and analysis techniques developed will be further presented in a distinct chapter
(chapter 5).
In this chapter, the instrumentation can be divided into two main groups: 1) measuring
systems for hemodynamic parameters extraction and 2) test bench systems for cardiovascular
emulation. The first group represents the major part of the developed work and also the main
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reason for the development of the second group, essential for its experimental characterization.
Depending on the main hemodynamic parameter to evaluate, each of these groups can also be
subdivided into two types: those dedicated to the evaluation of local arterial stiffness and those
dedicated to the assessment of ABP/APW.
Before the detailed description of each of the types and their respective generations, a brief
introduction of the architecture of the developed measuring systems and test bench systems will
be presented.
3.1.1 Measuring System Architecture
The measurement systems developed in the context of this project are designed for the extraction
of hemodynamic parameters either in laboratory environment or in in vivo conditions. Their
architecture is depicted in figure 3.1 and comprises four main blocks: the measuring probes, the
acquisition system, an electronic control device and the data logging and processing software.
Figure 3.1: Architecture of the developed measurement systems.
The measuring probes constitute the most innovative hardware element of the entire system,
exhibiting novel and ergonomic configurations that allow a safe and effective way of collecting
the pulse wave on an elastic vessel. The probes' usability and portability are also accomplished
through their small dimensions and enclosures' ergonomy that allow them to be easily handled by
an operator or to be placed around a human neck. The developed probes are based on three main
categories of electromechanical sensors: Piezoelectric (PZ), acoustic and acceleration sensors.
The probes dedicated to local arterial stiffness employ a pair of PZ or acoustic sensors, while the
probes for ABP/APW assessment use a combination of PZ-acceleration sensors operating as an
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excitator-detector unit.
The acquisition system supports the operation of the probes and is responsible for the sig-
nal collection and digitization, containing one or more dedicated modules. It can integrate a
conditioning circuit that amplifies the signals originated at the probes, a power supply module
that supplies all the electronic components and, as mandatory element, an acquisition module.
This module usually corresponds to a commercial Data Acquisition (DAQ) system from National
InstrumentsTM (NI USB-6210) that is capable of acquiring signals from 16 different channels at
a maximum aggregated acquisition rate of 250 kSamples s−1 [52]. Only when the acoustic probe
is used, is the acquisition system different, as it then consists of an external sound card. Never-
theless, for both cases, the acquisition system delivers the signals to a Personal Computer (PC)
via Universal Serial Bus (USB).
The PC is the electronic control device that allows data logging, processing and storing. The
data logging can be accomplished either using the commercial software NI LabViewTM 2010
SignalExpress (for experimental tests) or through a dedicated Matlab R© Based Graphical User
Interface (GUI) (for in vivo tests). In the context of in vivo tests, a dedicated Microsoft R© Access
Database (DB) is also available to manage and store the acquisition data and other subject's
parameters with clinical interest. Data processing is undertaken in Matlab R© using a set of
algorithms that aim to extract several hemodynamic parameters. For data statistical analysis
Microsoft R© Excel 2010 or SPSS R© Statistics 18 are used.
3.1.2 Test Bench System Architecture
The test bench systems intend to simulate different physiological conditions of the cardiovascular
system and represent a very important tool for the probes' experimental characterization.
In the course of this project, a set of special purpose bench setups were developed, according to
the type of hemodynamic parameter or technical feature to assess. Concerning their architecture,
they can be classified as hydraulic or non-hydraulic. As depicted in figure 3.2, both types of
bench systems have similar components in their constitution, presenting as main element a moving
mechanism that transmits a pressure wave either directly to the measuring probe (non-hydraulic
type bench systems) or into a elastic tube filled with a fluid that is subsequently captured by the
probe (hydraulic type systems).
This mechanism can be a simple manual piston system (e.g.: syringe) or a more complex
apparatus constituted by an Actuator (ACT) driven by a High Voltage Amplifier (HVA) and a
waveform generator that feeds both with programmed waveforms.
The hydraulic type systems aim to reproduce the propagation of the pressure wave in an
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Figure 3.2: Architecture of the developed test bench systems.
artery so, in addition to an elastic tube filled with a fluid, a mechanism to control and measure
its internal pressure is necessary. Generally, a non-transient pressure ACT, consisting of a mass
and a syringe, is used to control the DC pressure and a commercial pressure sensor(s) is used to
measure it.
The non-hydraulic model is a simpler version of the previous one and is mainly used to evaluate
the technical performance of the probes in terms of repeatability, waveform analysis and crosstalk
between the sensors.
In both cases, the instrumentation necessary to acquire the signals and process the data is
similar and based on the constituents described previously in the measuring systems' architecture.
3.2 Prototypes for Local Arterial Stiffness Estimation
This section describes the various prototypes of measuring probes and acquisition systems de-
veloped for local arterial stiffness assessment. As previously referred, the approach used for the
development of the novel probes to assess this parameter is based on the non-invasive measure-
ment of PWV and other hemodynamic parameters in a short length of the carotid artery, where
atherosclerosis is more likely to occur. Each one of them uses an innovative and robust head con-
figuration, in which two sensors are placed at a fixed distance, allowing simultaneous acquisition
of two pressure pulse waves as a solution for more accurate estimations [115]. Two distinct types
of electromechanical and low-priced sensors are used in this context: PZ and acoustic transduc-
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ers. PZ sensors are widely used in APW assessment as a result of their signal robustness, high
sensitivity and large bandwidth. Acoustic sensors are not usually applied for this purpose, due
to their limited operating frequency, being mostly employed for the recording of heart sounds
(phonocardiography). Nevertheless, and since the proposed method for PWV assessment does
not depend on waveform accuracy, this type of sensor was also tested.
The first generation of developed probes makes only use of PZ sensors while the second
generation utilizes both types. All of them with their corresponding measurement systems will
be discussed in the following sections.
3.2.1 First Generation
The configuration of the first PZ Double Headed Probe (DP), developed in the framework
of this project, is schematized in figure 3.3.
(a)
(b)
Figure 3.3: The double headed PZ probe configuration. (a) Cross section scheme:
A, B - support layers; C - signal conditioning layer; D - 'mushroom' PVC interface;
E - PZ metal disk; F - PZ material; G - PZ signal conductor; H - ground conductor;
I - flat cable. (b) Top view of the main elements and measures.
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Two circularly shaped PZ sensors (MURATA R© 7BB-12-9 Sounder, 12 mm diameter) are
placed 23 mm apart and based on a stack of three double layer Printed Circuit Board (PCB)
(figure 3.3b). The first one holds the PZ discs, assuring the physical attachment to the unit.
The perforation on this and on the second PCBs enables PZs oscillations and also the electrical
connection to the third PCB plate, responsible for the local signal conditioning (figure 3.3a).
The signal conditioning electronics, whose schematic can be consulted in Appendix A.3 - figure
A.7, is based on a voltage follower amplifier (LM321, Low Power Single Op Amp, National
Semiconductor) which is set to a gain of ≈ 2, for each PZ.
(a) (b)
Figure 3.4: Images of the first generation of PZ DPs. (a) Simple version developed
for experimental tests: ch1 - channel 1; ch2 - channel 2; 1 - enclosure; 2 - 'mushroom'
PVC interface; 3 - flat cable; 4 - Binder plug. (b) Collar version developed for in vivo
trials: 5 - Velcro R© strip.
The probe, shown in figure 3.4, is encased in a plastic box (OKW Enclosures, 52 mm x 32
mm x 15 mm) and its mechanical interface consists of two mushroom-shaped pieces of Polyvinyl
Chloride (PVC) (15 mm diameter in top), positioned on the PZs disks centres. The configuration
of these elements is conceived to be placed around the neck or on an elastic tube, allowing the
transmission of the moving tissues distension to each PZ sensor (figure 3.3b).
Each of the two PZs converts the mechanical strain (force or pressure) generated by arterial
(tube) pressure wave propagation, into proportional electrical charge. Due to their construction
process, the PZ sensors act as AC coupled voltage generators and, consequently, do not respond
to static excitation, providing a charge proportional to the derivative of the applied pressure.
The response generated by a PZ can be better understood if its electrical equivalent model and
frequency response are considered. Figure 3.5 shows that its Thévenin equivalent is essentially
a voltage source (Vs) and a RC network (Cs, Rs) with additional elements that account to the
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(a) (b)
Figure 3.5: PZ sensor characteristics. (a) Thévenin equivalent and (b) its frequency
response obtained by simulation. The useful region for a PZ sensor is usually in the
flat area (grey box), between the high pass cut-off and the resonant peak. The high
pass cut-off is determined mainly by the leakage resistance and load resistances (Rs
and Rk) must be large enough in order that the interest low frequencies are not lost.
Adapted from [4].
wiring inductance and resistances (Lm, Rm1, Rm2) and eventually an associated electrical load
(Rk and Ck). If the frequencies of interest are confined to the flat portion of its frequency
response (area limited to the gray box in figure 3.5b), the circuit can be satisfactorily modeled
as the simple voltage source in series with the sensor's capacitance (i.e.: Vs and Cs). This is
the case of hemodynamic studies, where the bandwidth of the signals is well below the frequency
of the PZs resonance peak (9.0 ± 1.0 kHz for the PZs in use [73]). In these circumstances, two
well-known amplifying topologies for the electronic circuit that immediately follows the sensor can
be considered: the charge mode amplification that is usually used when the amplifier is remote
to sensor and the voltage mode amplification that is generally used when the amplifier is very
close to the sensor [54]. For the present probe, and as mentioned above, the latter approach was
followed and the electronics conditioning is based on a voltage mode amplifier.
Simultaneously to the PZ DP, a custom-made acquisition system, for the support of this
probe and other sensors, was also developed. The system, represented in figure 3.6, presents three
analog outputs: two for oscilloscope manipulation and one for USB connection; as well as, seven
analog inputs, dedicated to the following probes/sensors: a) PZ DP probe; b) PZ single probe;
c) accelerometer based probe; d) commercial pressure sensors; e) external switch; f) synchronism
(pedal); g) respiration thermal sensor and h) ECG. The PZ single probe is a simpler version of
the PZ DP that instead of two PZ sensors has only one PZ of 27 mm of diameter and therefore
does not allow PWV determination. This probe is not object of study in this work, but since it
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(a)
(b)
Figure 3.6: The acquisition system. (a) Front view: 0 - on/off DAQ indicator; 1 -
PZ single probe input; 2 - PZ DP input; 3 - respiration sensor input; 4 - pedal input;
5 - pressure sensor 1 input; 6 - DAQ output 1; 7 - DAQ output 2. (b) Internal top
view: 8 - Pressure sensor 2 input; 9 - synchronism input; 10 - USB; A - circuit signal
conditioning; B - DAQ module: NI USB-6210.
had an important contribution to the characterization of the first hydraulic test bench system,
more technical details can be found in the Appendix A.1. The accelerometer based probe is a
prototype aiming ABP/APW estimation and will be contextualized further in section 3.3. The
pressure sensors are used as reference sensors in the experimental characterization of the PZ DP
probe. A pedal may be used as an external switch to allow the start of the acquisition and the
logging of the signals. The synchronism is used for the simultaneous acquisition of the different
signals in order to establish the same temporal reference. The ECG and respiration thermal
sensor are applied in parallel research contexts so they are not the focus of this work and will not
be further referred.
The acquisition system consists of a signal conditioning circuit and a DAQ module incorpo-
46
3. Instrumentation 3.2. Prototypes for Local Arterial Stiffness Estimation
rated on a ABS plastic enclosure (MULTICOMP, G758A, 260 mm x 180 mm x 65 mm). The
circuit is designed to amplify the signals originated by the probes/sensors and to convey them
to the DAQ module. Besides the amplification function, this circuit also incorporates a power
supply block that grants portability to the system. Since the analog electronics needs a ± 15 V
power supply, a simple circuit, based on a NDTD0515C Murata Power converter that supports
a +5V DC input and provides two outputs of +15 V and -15 V, was designed. The +5V DC
input is given by the USB port that connects the PC and the DAQ module. This power supply
configuration is used in other acquisition systems where high mobility is also an important requi-
site. The schematic of this and the other blocks that constitute the conditioning circuit may be
consulted on Appendix A.3, figure A.9.
The DAQ module corresponds to the NI USB-6210, a commercial National InstrumentsTM
model whose main features can be found at [52]. This system was chosen based on its hardware
resources (16 analog inputs, 16-bit resolution, 250 kSamples s−1, 4 digital inputs, 4 digital outputs)
as well as its extensive software package for logging/programming and its interoperability with
other software (e.g. Matlab R©).
In conclusion, the first generation of prototypes was vital for validating the proof of concept
regarding the assessment of local arterial stiffness in test bench systems [114, 116]. In spite of
their good experimental performance, the probes showed some limitations concerning in vivo
assessment, specifically:
• Ergonomics - Two main types of PZ DPs were developed: a simple version to be used in test
bench experiments (figure 3.4a) and a collar version dedicated to in vivo trials (figure 3.4b).
Both versions are the same except for the Velcro R© strip that was integrated in the latter
one with the aim of avoiding artefacts introduced by the operator himself during DAQs.
Nevertheless, after consulting our clinical partner and testing the probe, we concluded that
this approach constrained the number of people we were able to assess. The strip is not
adapted for all sizes of neck and, in cases where the subject has fat accumulated around
the neck, it is necessary to exert more pressure, in order to sense the pulsatile carotid
that is farther from the skin surface. This requires further tightening of the collar, causing
discomfort to the subject and impairing signal acquisition.
• Mechanical Interface - Dependence on a mushroom shaped PVC interface that is glued to
the PZ sensor. This type of attachment may be vulnerable to dislodgement/breakage with
the increasing number of acquisitions;
47
3. Instrumentation 3.2. Prototypes for Local Arterial Stiffness Estimation
• Signal acquisition I - Difficulty in consistently acquiring both pressure waves with similar
amplitudes and profiles. This fact was thought to be associated with the distance between
the sensors that could be too large, so the probability of being in different regions of the
carotid artery would be higher;
• Signal acquisition II - Impossibility to visualize and evaluate, in real-time, the profile of the
pulse pressure wave, due to the differentiator nature of the PZs. Healthcare professionals
are used to evaluate the pulse pressure waveform in its original version and, in this context,
a signal integration is required. Although the deconvolution method was applied with this
purpose, it was not possible to implement it in real-time.
In order to solve the aforementioned limitations, a new generation of prototypes was developed
and characterized [113].
3.2.2 Second Generation
In the second generation of prototypes, several improvements were introduced, namely in the
configuration of the double headed electromechanical probes that, although based on the same
working principle, present a different mechanical design and electronics. Two types of DPs were
(a) (b)
Figure 3.7: Configuration of the second generation of the PZ DPs. (a) External
view: PZ1 - Piezoelectric 1; PZ2 - Piezoelectric 2; c1 - Distance between PZs' centres
(15 mm); d1 - PZs diameter (12 mm); h1 - PZs support's external height (6.5 mm).
(b) Internal view: ch1 - channel signal 1; ch2 - channel signal 2; 1 - output RJ45
connector; 2 - plastic tubes that support PZs; 3 - enclosure; 4 - PCB with electronic
circuit; e - first amplifying stage; f - integrator and baseline restorer stage.
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developed: one based on PZ sensors and the other based on acoustic sensors. In both, the
two sensors are placed at the minimum separating distance possible, while avoiding mechanical
contact, and trying to ensure the acquisition of two very similar local waveforms. These probes
also provide a functional design that avoids the need for an additional interface and this, together
with the enclosure structure, forms an ideal configuration to be handled by an operator.
The novel PZ DP is depicted in figure 3.7 and consists of two PZ sensors (similar to those
used in the previous developed DP - MURATA R© 7BB-12-9 Sounder) that are placed 15 mm apart
and mounted respectively on two plastic tubes (12 mm diameter, 1.2 mm wall thickness, 14 mm
height). These tubes, inserted and fixed onto the top of the plastic box (Multicomp, 69.5 mm x
50.5 mm x 21 mm) that encloses the probe, enable PZs oscillations and the electrical connection
to the signal conditioning circuit that immediately follows the sensors.
The local signal conditioning electronics, whose schematics can be consulted in Appendix A.3
- figure A.10, is a simplified version of the circuit proposed by the GEI-CI team in a similar work
[4] and it is composed by two main stages for each PZ: an amplifying stage and an integrator
stage with Baseline Restorer (BLR) circuit. The signal amplification stage uses a standard linear
amplifier (TL082, Wide Bandwidth Dual JFET, Texas Instruments) which is set to a gain of
1000, in an active differentiator mode (figure 3.8). This topology was replaced by the voltage
mode amplifier used in the first generation of PZ DPs, since it proved to have from simulated as
well as real data, the best performance when compared with the voltage and charge topologies.
For more details please consider [4].
The last stage of the circuit is responsible for signal integration and the elimination of the
baseline drift. It combines a precision integrator (TL082, 100 kΩ, 100 nF) with a second generation
current conveyor (OPA860, Operational Transconductance Amplifier, Texas Instruments) that is
(a) (b) (c)
Figure 3.8: The three main topologies for amplifying a PZ sensor signal. (a) Voltage
or passive differentiation mode. (b) Charge mode amplifier. (c) Active differentiation
mode. The (a), (b) and (c) topologies have been studied at GEI-CI [4].
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activated at the end of the pulse wave, forcing its foot to start close to zero. The incorporation
of this block constitutes an important feature for clinical practice, since it allows the observation
of the original physiological signal (cardiac pressure pulse) with a non-floating baseline, making
real-time observations more effective. The information obtained at the end of this block is then
transmitted to the acquisition system, depicted in figure 3.9, via an Ethernet cable.
The acquisition system consists only of a power supply circuit and a DAQ module incorpo-
rated on a more ergonomic ABS plastic enclosure (OKW, EURO CASE, 260 mm x 250 mm x 54
mm). The power supply circuit is based on NDTD0505C Murata Power converter that transforms
the +5V DC input given by the PC's USB port into two outputs of +5 V and -5 V. The DAQ
module corresponds to the commercial National InstrumentsTM system NI USB-6210.
(a)
(b)
Figure 3.9: The acquisition system of the second generation of PZ DPs. (a) Front
view. (b) Internal top view: A - Power supply circuit; B - DAQ module; IN - PZ
DP input (RJ45); OUT - DAQ output (USB).
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In figure 3.10, the configuration of the other developed electromechanical probe, based on
acoustic sensors, is depicted. Since the main requirement for its conception is related to its price,
the probe makes use of a smaller number of components, namely a dedicated acquisition system,
in order to prevent an increase in production costs.
Figure 3.10: Representation of the Acoustic Double Probe (AP). MIC1 - Micro-
phone 1; MIC2 - Microphone 2; c2 - distance between transducers centres: ≈ 11
mm; d2 - microphones diameter: 9.7 mm; h2 - sensors external height: 2 mm.
The Acoustic Double Probe (AP) has a simpler design than the PZ DP and is composed
of two acoustic wave sensors (Pro-Signal, ABM-712-RC, microphone-solder pad) that are placed
11 mm apart and fixed at the top of a plastic box (Multicomp, 77 mm x 49 mm x 26.6 mm).
The sensors correspond to electret condenser microphones of 9.7 mm diameter with an operating
frequency of 100 Hz to 10 kHz, sensitivity of -46 dB and directivity noise cancelling. This probe,
contrarily to the PZ DP, does not have any type of signal conditioning, so the signals are directly
conveyed to the acquisition system that consists of the PC sound card.
The AP uses parallel audio cable to transmit the information obtained directly from the
Figure 3.11: Sweex USB sound card. If the PC does not have a stereo microphone
input, the AP must be first connected to the stereo input of this external device.
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acoustic sensors to the stereo microphone input of the PC. If the PC does not have stereo input,
an external sound card (7.1 Sweex USB Sound Card, 16-bit, 48 kHz Maximum Sampling Rate,
> 90 dB Signal-to-Noise-Ratio (SNR)) is used to deliver the signals to the PC via USB (figure
3.11).
3.2.2.1 In Vivo Assessment: The Cardiocheck System
The Cardiocheck System, presented in figure 3.12, is a portable and non-commercial system that
aggregates the previous electromechanical probes, their corresponding acquisition systems and
additional custom-made software in a single platform.
The conception of this system was motivated by the necessity to have a support tool with
an efficient process to perform in vivo acquisitions, both in laboratory and clinical environment.
Although the software provided by National InstrumentsTM was entirely suitable for data acquisi-
tions performed at test bench systems, for in vivo assessment it was necessary to manage not only
the data from the prototypes but also the acquisitions' characteristics and the patients' relevant
data. As a result, a Microsoft Access R© DB and a Matlab R© based software for data acquisitions
(Cardiocheck RT v1.0) were developed, together with a set of feature-extracting algorithms that
will be detailed in chapter 5.
The Cardiocheck DB has a dual function: the storage and management of in vivo data ac-
Figure 3.12: The Cardiocheck System.
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quisitions and recording data with clinical interest, namely: age, gender, weight, height, waist
circumference, ABP, biochemical data, personal history and family history.
The utilization of Microsoft R© Access as the preferential application for DB development when
comparing to other existent solutions was mainly based on its simplicity of implementation and
DB scalability. At this project's stage, the number of records was not expected to achieve an
excessive number and the reliability of the network connection at the acquisition places was not
guaranteed, so a choice was made to have the DB located on a desktop computer instead of a
remote server. The operators that would accomplished in vivo acquisitions also contributed to
this choice, since they had already experience in other Microsoft R© Access DBs.
One of the most important steps for the DB design consisted in the definition of which tables
(objects) were necessary. Next, the relationships, the attributes for each table, the types and
requirements for each attribute and the primary keys were determined. The table relationship
model is depicted in figure 3.13.
The table Acquisition contains one of the basic requirements of the DB: any patient can be
submitted to more than one acquisition but each acquisition can only belong to one and only
Figure 3.13: Table relationship diagram of the Cardiocheck DB.
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one patient. The Patient along with its Personal History, Family History, Biochemical Analysis
and Patient Follow-Up are tables that emerge from the necessity of storing the information with
clinical interest for each subject. The tables Probe and Operator were also created, because it
was necessary to know which probe was used in each acquisition, as well as which operator did
the acquisition. Similarly to the previous case, one acquisition has to belong to one and just one
probe and operator. The last table is related to the Institution to which the operator is affiliated.
Even though several attributes were specified for each of the previous tables, only an at-
tribute defines uniquely and univocally each record (primary key). For example, in Patient table
the chosen primary key is an incremental serial number attribute defined as the patient_id. Ad-
ditionally, for every attribute it is necessary to define the data type that will be stored as well
as its constraints. This has a special importance in maintaining data integrity, by restricting the
entry of data values to a specific type.
All these relationships were then implemented in a GUI, similar to the one represented in
figure 3.14 that concerns the register of a new patient. The other GUI forms and the general DB
operating principle can be consulted in the Cardiocheck User's Guide Manual [111].
Figure 3.14: Cardiocheck DB GUI: snapshot of the patient menu log. A - Other
available menus; B - Status bar and its main functionalities; C - List of patients
already registered.
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The acquisition software Cardiocheck RT v1.0 allows the visualization and the acquisition, in
real-time, of the pressure waves, giving the operator the ability to save in the DB only the records
with interest and also other important related data. In general, the acquisition process is based
on two main stages: the first one concerns the registration of the patient's or/and operator's data
in the Cardiocheck DB and the other one involves the selection of attributes, the visualization
and the recording of the acquisition itself, using the Cardiocheck RT software.
This software, represented in figure 3.15, consists of a Matlab R© GUI that can be launched
using the desktop icon or using the direct connection present in the DB.
Figure 3.15: GUI of the acquisition software Cardiocheck RT v1.0. 1 - Configura-
tion Menu: a - Probe's selection panel; b - Operator's selection panel; c - Patient's
selection panel; d - Other parameters input panel; 2 - Acquisition Menu; 3 - Global
dashboard; 4 - Display panel. More details can be found in [111].
The Cardiocheck RT Acquisition GUI is composed of four sub-menus. In the first one - con-
figuration menu - the main probe's, operator's and patient's attributes that define the acquisition
are set. Other data concerning the acquisition location, the ABP values of the patient or the
PWV values obtained with reference equipment (e.g. Complior R©) can also be directly included
in the proper fields. The second one - acquisition menu - manages the entire acquisition, allowing
to start, stop, clear or save the acquisition, and later to quit the application. The third one -
global dashboard - provides global extra information, namely date, time and also patient parame-
ters such as body mass index, waist/height and body fat. The fourth and last one - display panel
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- allows the visualization, in real-time, of the two pressure waves acquired by each of the sensors
that constitute the probe. When the probe selected is the PZ DP, this layout allows not only the
display of the differentiated waves but also the integrated signals (top right on display panel).
Although the design of the present GUI is quite restrictive, namely concerning the number of
channels to visualize, the Matlab functions that support it allow not only the acquisition of several
information channels but also the integration of other probes with different types of interfaces.
The present GUI was purposefully designed for the double electromechanical probes, nevertheless
the technical basis for the support of an acquisition software have already been developed and
can be adapted in future GUIs' versions.
3.3 Prototypes for Arterial Blood Pressure and Waveform Esti-
mation
Over the course of this project, several prototypes based on acceleration sensors were developed
aiming at assessing ABP and APW. Most of them were not successful in achieving this goal,
however the successive attempts were fundamental to the evolution of the concept and, finally, to
the outcome of an effective probe configuration.
The conception of an accelerometer based instrument for hemodynamic evaluation started in
2007, during the graduation research project of the candidate. At that time, there was only the
conviction that accelerometers could be a valuable alternative to PZ sensors, since they showed
in bench tests that they were able to deliver, at least, the same information as the PZs, when
incorporated in a spring loaded probe (prototypes A1, A2 and A3). Besides that, the existence
of very well established temporal correlations between ECG, accelerometric and PZ signals in in
vivo assessments was also verified [118].
Although the first results seemed to be very encouraging, there was no other work in the
literature that could support a similar approach, and consequently the possibility of achieving a
reliable instrument namely for ABP measurement might be remote.
The next versions of developed prototypes introduced new features to the concept of the
spring loaded probes, but without favorable outcome (prototypes A4 and A5). A more simple
concept that attempted to reduce the complexity level of the measuring probe's mechanics was
also addressed, but did not allow the acquisition of satisfactory signals in test bench system or in
human carotid arteries (prototype B1).
Only more recently, a new concept based on a vibrator - accelerometer combination, from
which an amplitude modulation effect resulted, was tested and patented [117]. After various
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iterations, where different configurations of measuring probes were built (prototypes C1-C10),
the main purpose of ABP/APW assessment was achieved.
In Appendix A.2, the several developed prototypes (measuring probes), including the primary
ones, are depicted and properly classified. Each letter corresponds to the operation principle on
which they rely, and the number matches their iteration order.
In the present section, as well as in further chapters, only the best generations of proto-
types based on the modulation process, that is to say prototype C4 and prototype C10, will
be disclosed. The main features and drawbacks of the remaining measuring probes are briefly
referred to in tables A.1 and A.2 of Appendix A.3.
3.3.1 Prototype C4
The configuration of the measuring probe that established the C4 prototype is depicted in figure
3.16.
Figure 3.16: Cross-section view of the C4 measuring probe's configuration. A -
acceleration sensor; B - foot holder; C - vibrator; D - PCB with corresponding signal
conditioning circuit; E - semi-rigid bed; F - frame; G - mechanical interface; H -
elastic vessel wall.
The main elements that constitute the probe are: 1) one (or more) acceleration sensor(s); 2)
one (or more) vibrator(s); 3) a PCB with the corresponding electrical connections; 4) a mechanical
interface that is in contact with the vessel wall; 5) a semi-rigid bed that accommodates the
main structure and 6) a frame that encloses the assembly and is adapted to be held against
the vessel wall by a fixation device or an operator. The vibrator, driven by a signal generator
(not represented), can be a mechanical or electromechanical device such as any type of off-axis
motor or ACT, an electromagnetic loudspeaker of any type or a PZ. The acceleration sensor is
an electric device that delivers one or more electrical voltages proportional to the acceleration
that is transmitted to it. These two sensorial components, mounted in the same platform, are
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the most important elements of the system. The vibrator transmits to the mechanical unit
an oscillating signal that is sensed by the acceleration sensor. At the same time, the pressure
wave, that is imparted to the vessel wall, is also sensed by the acceleration sensor in a way
that its permanent oscillatory signal (derived from the vibrator's excitation) is modulated and
attenuated in amplitude. The excitation waveform that drives the vibrator can be sinusoidal,
square, triangular or of any suitable shape and its frequency can be comprised within a wide
range of frequencies and applied either in continuous or burst mode. Further details can be found
in this work concerning the optimal frequency to be used (chapter 7, section 7.2.1).
(a) (b)
(c)
Figure 3.17: Images of the measuring probe C4 for ABP/APW assessment. (a)
Internal top view configuration: 1 - PZ; 2 - MEMS accelerometer (KXR94-2283); 3 -
PCB; 4 - signal conditioning circuit; 5 - IDC output connector. (b) Internal bottom
view configuration. (c) External configuration: E - foam ; F - enclosure; G - PVC
mechanical interface.
In the present version, a PZ sensor of 35 mm diameter (MURATA R© 7BB-35-3 Sounder) was
used as a vibrator and a tri-axial MEMS accelerometer (Kionix R©, KXR94-2283, ± 2 g) was used
as acceleration sensor.
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The PZ was preferred over the previous mentioned devices, since it allows a fine control of
the frequency, it induces a greater vibration amplitude in the unit, enabling a more efficient
modulation and it also presents a higher versatility in terms of shape and area.
In what concerns to the accelerometer, its selection was mainly based on the combination of
three main features: maximum number of axis, high sensitivity (1000 mV/g) and low noise density
(45 µg/
√
Hz) [58]. At this stage, these were the parameters that seemed to be the most important
ones, however later during the research process, we concluded that the accelerometer's bandwidth
was in fact the most critical feature. For the present accelerometer the typical bandwidth is 800
Hz.
The measuring probe C4, shown in figure 3.17, is enclosed in a plastic box (OKW Enclosures,
88.5 mm x 63 mm x 27.5 mm) filled with foam and its mechanical interface consists of a flattened
PVC piece (15 mm diameter x 12 mm height) with an ergonomic configuration that allows the
transmission of the moving wall distension to the sensing unit. The centre of this element is
virtually aligned with the centre of the vibrator and the accelerometer, mounted in the same
board, is positioned anywhere in the opposite site of the PZ, preferably also near its centre in
order to better sense the produced vibrations.
The local conditioning electronics, whose schematics can be consulted in Appendix A.3 -
figure A.10, eliminates the zero-g offset and consists of a instrumentation amplifier with rail-to-
rail output (AD8220, JFET-Input Op Amp, Analog Devices) which is set to gain 1, for each
accelerometer axis.
In what concerns the acquisition system of the prototype, it is composed of a conditioning
circuit, presented in figure 3.18, and the DAQ module NI USB-6210.
The conditioning circuit is responsible for the PZ drive, using a power amplifier (OPA551,
high voltage-high current Op Amp, Texas Instruments) to amplify the oscillating electrical signal
that is generated by the external AWG (Agilent 33220A, Agilent Technologies) and is delivered at
last to the PZ. This circuit is also connected to an external power supply that provides ±5 V to
the probe's analog circuit and +5 V to the NDTD0515C Murata Power converter that generates
±15V necessary for the OPA551 functioning. Later on, this approach was left aside since such
high voltage values were not required for PZ driving.
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Figure 3.18: Conditioning circuit of prototype C4. 1 - measuring probe C4 input ;
2 - AWG input; 3 - power supply input; 4 - circuit's output.
3.3.2 Prototype C10
The prototype C4 enabled the validation of the amplitude modulation principle as well as the
assessment of APW in test bench system. However, the reliable estimation of ABP was only
achieved with the present version, where a novel calibration method was tested.
After successive attempts to improve the mechanical structure of the measuring probe, the
dimensions and the complexity of its apparatus were reduced to those, schematically represented
in 3.19.
Figure 3.19: Diagrammatic representation of the C10 measuring probe configura-
tion. A - PCB or other support board; B - vibrator (PZ); C - foot holder; D - PCB;
E - acceleration sensor.
This probe presents a very simple configuration and is constituted only by one acceleration
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sensor and a vibrator mounted in a common support board. Similarly to the C4 prototype, one
of the most important particularities of the measuring probe is its main elements' positioning.
The accelerometer is placed in the opposite site of the board where the vibrator stands and is
aligned (preferentially) with the centre of the latter one, in order to increase the sensitivity of
modulation process.
Another important feature is the way as the vibrator is supported. A equilateral configuration,
where three equidistant foot holders sustain the vibrator replaced the one used in prototype C4,
where a foot holder was placed in its centre, since it allows higher vibrations and also a better
modulation.
(a) (b) (c)
Figure 3.20: Sensing tip of the prototype C10. (a) Top view. (b) Bottom view. (c)
Cross-sectional view: A - MEMS accelerometer (ADXL203); B - PZ; C - output flat
cable; D - veroboard.
In figure 3.20 the developed sensing tip is shown, consisting of a 27 mm PZ (MURATA R© 7BB
-27-4 Sounder) and a dual-axis iMEMS accelerometer (Analog Devices, ADXL203, ± 1.7 g) that
is physically attached to the veroboard that supports the vibrator. Both types of sensors are
different from those used in the prototype C4: the PZ presents a more adequate area to be
placed directly on a tube or on the carotid, while the accelerometer presents a wider bandwidth.
Since higher frequencies are used for PZ excitation, the main criterion for the selection of the
new accelerometer was its bandwidth. Currently, the wider bandwidth available on the market
is 2.5 kHz and matches the ADXL203 accelerometer that also presents interesting specifications
in terms of sensitivity (1000 mV/g) and range (± 1.7 g) [31]. Its number of axis may be seen as
a limitation, but in previous prototypes (C7, C8 and C9, Appendix A.2) where two orthogonal
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accelerometers were used, it was demonstrated that the relevant information was mainly given
by the axis that matches the direction of the vessel wall movement. Based on this evidence, and
in order to reduce the probe's complexity, only one accelerometer was used.
For now, the measuring probe does not present any enclosure and mechanical interface, al-
though various experiments were made aiming the use of the latter. First, the mechanical inter-
face of the C4 measuring probe was tested and then other 3D printed Acrylonitrile Butadiene
Styrene (ABS) interfaces, purposefully designed and fabricated (figure 3.21), were placed on the
PZ. In all cases the transmission of the pressure wave was ineffective, impairing the modulation
process. As a consequence, the use of a tailored mechanical element was set aside and the PZ
sensor itself is established as the interface, when the measuring probe is in contact with the elas-
tic vessel. The option not to use an enclosure was mainly to facilitate the probe's experimental
characterization, although in the future the intention is to encase it in an ergonomic box.
(a) (b)
Figure 3.21: ABS mechanical interfaces developed for the sensing tip. (a) Rounded
cone-shaped piece. (b) `Spider'-shaped piece.
The last particularity of this prototype is its conditioning circuit that is used for the moni-
toring of the acceleration sensor signals as well as the PZ's current and voltage. The conditioning
circuit, represented in figure 3.22, uses the concept and electronics introduced with prototype
C8. The prototype C8, depicted in Appendix A.2 - figure A.6, consists of two parts (A and B),
joined by a middle beam-shaped structure, where part A contains the signal electronics and part
B is where its sensing elements are placed. Since only its electronic circuit is necessary, a direct
connection between part A of prototype C8 and the measuring probe C10 was established.
This conditioning circuit, whose schematics can be consulted in Appendix A.3 - A.10, is
composed of two main blocks: the first one is devoted to the conditioning of accelerometer signals
and consists of an instrumentation amplifier with rail-to-rail output (AD8220, JFET-Input Op
Amp, Analog Devices) which is set to gain 1 for each accelerometer axis, eliminating their zero-g
62
3. Instrumentation 3.4. The Test Bench Systems
offset. The other block, focused on PZ conditioning, uses a voltage follower (OPA690, Wideband
and Voltage-Feedback Op Amp, Texas Instruments) to drive the excitation signal generated by the
external AWG (Agilent 33220A, Agilent Technologies) and an instrumentation amplifier (AD8220,
JFET-Input Op Amp, Analog Devices) to measure the PZ current in a dedicated sensing resistance
(100 Ω). The measurement of PZ current has an important role in the calibration process of the
measuring probe, allowing the determination and control of the PZ power. The possibility of
evaluating the original cardiac pressure wave using PZ electronic integration was also included in
this block, using a precision integrator (OPA690, 100 kΩ, 100 nF). The activation of this mode
is only possible when the PZ's drive/current sensing mode is disabled and vice-versa. To switch
between both states a logical inversor amplifier is used.
Figure 3.22: Conditioning circuit of prototype C10. 1 - circuit's output (flat cable
to connect to the DAQ module); 2 - local signal conditioning circuit; 3 - circuit's
input (flat cable to connect to the sensing tip); 4 - accelerometers' initial positions in
prototype C8.
The aforementioned circuit together with the DAQ module NI USB-6210 compose the acqui-
sition system of the current prototype.
3.4 The Test Bench Systems
The test bench systems play a fundamental role in this project, namely in the evaluation of the
prototypes' capabilities and validation of the signal processing algorithms that extract clinically
relevant information.
Real human carotid signals may be difficult to acquire and interpret if there is not a previous
and adequate know-how of the prototypes' performance. Therefore, the procedure used in this
work was to investigate the feasibility of the probes firstly in test bench systems and then in in
vivo conditions.
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In order to characterize each of the two main types of prototypes, special purpose test bench
systems were developed [112]. For the characterization of local arterial stiffness prototypes, three
different bench models were built: one non-hydraulic and two hydraulic. For the characterization
of ABP/APW prototypes, a third hydraulic type based system was developed.
Each one of them with their respective iterations will be described in the following sections.
3.4.1 Local Arterial Stiffness Estimation
3.4.1.1 Non-hydraulic Systems
Figure 3.23 depicts (part of) the arrangement of the non-hydraulic test bench system developed
for the evaluation of the different double electromechanical probes' technical performance. The
representation gives particular emphasis to the interaction between the probe and the moving
mechanism, since it constitutes the most distinctive and critical aspect of the apparatus.
Figure 3.23: Partial representation of non-hydraulic test bench system. A - ACT;
B - mechanical (PVC and aluminum) supports; C - AWG; D - oscilloscope; E - AP;
F - PVC Interface. N.B.: Not all the main constituents are illustrated. The AP is a
representative of the electromechanical probes.
The setup uses a 700 µm stroke ACT, driven by a HVA (Physik Intrumente GmbH P-287 and
E-508, respectively) to generate a pressure wave that is fed to the measuring probe by means of a
PVC interface with a configuration suitable for the sensor's area. This PVC interface is coupled
to the ACT and is in mechanical contact with the transducer, without affecting its output voltage,
since both the PZ and the acoustic sensor do not respond to a DC excitation. With this mechanical
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adapter it is possible to transmit the ACT's motion associated to the pressure wave, in such a
way that the longitudinal forces are responsible for the transducer electric response.
The waveforms are programmed and downloaded into an Arbitrary Waveform Generator
(AWG) (Agilent 33220A, Agilent Technologies) that delivers the signal to drive the ACT and
also the synchronism that triggers the prototype's acquisition system.
This test bench system was used in the performance evaluation of the two generations of pro-
totypes for local stiffness assessment, regarding four main aspects: determination of the Impulse
Response (IR) of each of the sensors (1st generation); occurrence of crosstalk phenomenon between
them (1st and 2nd generations); repeatability in assessing pressure waveform and estimation of
their time resolution (2nd generation).
3.4.1.2 Hydraulic Systems
Based on the previous test setup, two hydraulic based systems capable of emulating some of the
basic properties of the cardiovascular system, mainly the ones related to the propagation of the
APW, were also designed.
Figure 3.24: Schematic drawing of the hydraulic test bench system I. The longitu-
dinal pressure wave is imposed by the ACT at the rubber interface R while piston P
and mass m set a DC pressure level. The measuring probe is placed along the tube
and pressure sensor PS is at its end.
As depicted in figures 3.24 and 3.25, in the hydraulic test bench system I, an 82 cm long
silicone rubber tube (Lindemann, 8 mm inner diameter, 0.5 mm wall thickness), filled with water,
is kept under a DC pressure level by a piston P and a mass m at one of the extremities. At
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Figure 3.25: Photo of the hydraulic test bench system I. A - ACT; B - high voltage
power switcher; C - AWG; D - acquisition system; E - oscilloscope; F - silicone tube;
G - PZ DP with external clamp; H - pressure sensor; I - piston DC level pressure; J
- PC.
the same side, a commercial pressure sensor PS (Honeywell S&C - 40PC015G1A) is also placed
longitudinally to the tube in order to monitor the DC and AC pressure values of each experiment.
At the other extremity of the tube, where a rubber membrane interface confines its end, a dynamic
pressure wave is generated by a fast, short stroke ACT (70 µm, Piezomechanik, PSt-HD200/10/45
VS 15) driven by an electronic power switcher (Piezomechanik, HVP200/50).
The configuration is controlled by an AWG (Agilent 33220A, Agilent Technologies) that also
delivers the synchronizing signal that triggers the prototype's DAQ system.
This assembly was essential to comprehend in a simple and controlled way the mechanics of
wave propagation in an elastic tube (artery model). Nevertheless, due to tube's dimensions and
type of ACT, a new assembly has been developed to overcome some of the limitations that were
verified.
The new developed test bench system - hydraulic test bench system II - depicted in figures
3.26 and 3.27, is an upgraded version of the previous test bench apparatus. The architecture and
type of the components are, in general, equivalent in both models, but three main adjustments
were made.
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Figure 3.26: Schematic drawing of the hydraulic test bench system II and II-B. The
generated pressure wave is captured by the DP placed along the tube and by two
pressure sensors PS1 and PS2 placed at the tube's extremities.
The first modification introduced in this assembly was the use of a longer tube (≈ 200 cm)
than that used first. This adjustment aimed to minimize the number of internal reflections that
occur at the tube's extremities, allowing the application of several pulse wave widths. The other
main change lays in the long stroke ACT (700 µm, Physik Instrumente GmbH, P-287), driven
by a linear HVA (Physik Instrumente GmbH, E-508) that is operated under program control by
the AWG (Agilent 33220A, Agilent Technologies) and is capable of generating arbitrary pressure
waveforms.
The third and last change consists in the integration of another similar pressure sensor that
is placed at the tube's end, where the combination ACT/HVA/AWG launches the wave. With
this configuration, the wave is captured not only by the measuring probe, but also by the two
pressure sensors PS1 and PS2, namely placed transversally and longitudinally in the tube. These
pressure sensors, besides performing pressure monitoring function, are used as the main reference
for time delay/PWV assessment. The tube's sealing, similarly to the preceding test bench I, is
made using a T-shape scheme, guaranteeing geometric homogeneity.
The hydraulic test bench system II was used in the evaluation of time resolution of the first
generation of prototypes for local arterial stiffness, nevertheless for the second generation of
prototypes, an iteration of this bench model was used. In fact, the main difference between the
primary version and its iteration, designated from now on as hydraulic test bench system
II-B is the tube's type. The silicone rubber tube (Lindemann, 8 mm inner diameter, 0.5 mm
wall thickness) is replaced, in test bench system II-B, by a natural rubber latex tube (Primeline
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Figure 3.27: Photo of the hydraulic test bench system II and and II-B. A - ACT;
B - high voltage power switcher; C - waveform generator; D - external power supply;
E - acquisition system; F - silicone or latex tube; G - oscilloscope; H - PZ DP with
external clamp; I - pressure sensor 1; J - pressure sensor 2; L - piston DC level
pressure.
Industries, 7.9 mm inner diameter, 0.8 wall thickness). The diameter and the thickness of both
tubes are similar and in accordance with the values of a human carotid artery (3.7 mm radius,
0.63 mm wall thickness) [10], however latex is considered to be a reliable material to simulate
the compliance of a human artery, providing a higher compliance than silicone. In the literature,
several other studies have also adopted latex as the preferred material for simulating animal or
human vessels in testing workbenches [17, 36, 56, 157].
3.4.2 Arterial Blood Pressure and Waveform Estimation
The hydraulic test bench system III was developed for the characterization and calibration
of the prototypes for ABP/APW estimation. The system, illustrated in figures 3.28 and 3.29,
presents a similar architecture to the previous hydraulic systems, however an operator is necessary
to generate the pressure wave that is launched into the tube.
Although there are some drawbacks associated with this process, namely in generating repeat-
able and cardiac-like waveforms, the use of a manual piston system SYR (syringe, PIC indolor R©,
100 mL) instead of a linear ACT/HVA/AWG is purposeful. This mechanism controls and in-
creases the liquid volume that is pushed into the tube, enabling higher pressure variations that
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Figure 3.28: Schematic diagram of the experimental apparatus of the hydraulic test
bench III. The longitudinal pressure wave is imposed by a syringe that is manipu-
lated manually by an operator and monitored by a pressure sensor. The measuring
probe, placed next the pressure sensor, is coupled to a xyz positioner that controls
its applanation.
are essential for the probes' calibration.
To maximize these pressure variations, a 78 cm natural rubber latex tube of larger diameter,
filled with water, is used (Primeline Industries, 12.7 mm diameter, 0.8 mm wall thickness). A
pressure sensor PS (Honeywell S&C - 40PC015G1A ), placed at the tube's extremity opposite
to SYR, monitors the tube's internal pressure and is used as the main reference for ABP/APW
prototypes. Contrarily to the previous bench models, this system does not have a dedicated
non-transient pressure control and consequently the DC range is limited to the steady states of
the piston system.
One of the most important components of this test bench is its tri-axial position monitoring
system that allows, in an automated way, a very precise scan along each axis up to 28 mm
travel (figure 3.29b). The system consists of three linear positioners (T-LA28A, Miniature Linear
Actuator, Zaber Technologies Inc), mounted up in a xyz platform that is connected to the PC
via RS-232 - USB adapter and controlled with Matlab R© custom-made scripts.
Each positioner uses a step motor to perform position control along one axis. The resolution,
defined as the distance equivalent to the smallest increment that the positioner can perform
(i.e. movement of a microstep), is exactly 0.09921875 µm (≈ 0.1 µm). For further technical
characteristics of this linear ACT please consult [146].
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The positioner was crucial in the process of calibration of the prototype C10, where several
precise tube's applanations were performed. Prototype C4 was also characterized using this test
bench system, but at the time, this positioning system was not yet part of the bench model and
an external rigid clamp has been employed instead.
(a) (b)
Figure 3.29: Photo of the hydraulic test bench III. (a) General view. (b) Close view
of the measuring mechanism: A - manual piston (syringe); B - foam; C - latex tube;
D - xyz positioner E - measuring probe and adapter; F - AWG; G - pressure sensor;
H - voltmeter display; I - external power supply; J - oscilloscope.
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CHAPTER4
Methodology
This chapter, divided into four main sections, describes the methodology used in the characteri-
zation of the developed instrumentation. After a brief contextualization, the processes involved in
the performance's evaluation of some of the hydraulic test bench systems are presented. Then, in
the third and fourth sections, the procedures used in experimental and in vivo characterization of
the two main types of prototypes, dedicated respectively to the estimation of local arterial stiffness
and ABP/APW, are detailed.
4.1 Introduction
The validation of the instrumentation described in the previous chapter started soon after the
development of the first generation of prototypes for local arterial stiffness assessment. At that
time, no studies could be found in the literature confirming the potential of an electromechanical
DP in local hemodynamics assessment, so the focus was on gaining insight and familiarity with the
instrument, developing support tools (test bench systems) for its experimental characterization
and at last, when possible, testing the prototype in in vivo conditions (i.e. human carotid arteries).
The same general methodology was applied to the subsequent generation of local arterial
stiffness prototypes, as well as to the prototypes developed for ABP/APW assessment. In fact,
purposeful experiments were accomplished for each one of the instruments, in order to evaluate
their most important potentialities or limitations and also to criticize the assumptions or the
implications of their use.
Table 4.1 summarizes the experiments performed for each version of the two main types of
prototypes that will be described in detail in the following sections.
Besides in vivo experiments, the only transversal study accomplished in all the prototypes
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Table 4.1: Methodology used in the characterization of the developed prototypes: main
performed bench and in vivo studies.
Local Stiffness ABP/APW
Prototypes Prototypes
PZ DP
1st Gen.
AP
2nd Gen.
PZ DP
2nd Gen.
C4 C10
Bench
Impulse Response X
Studies
Waveform Analysis X X X X X
Repeatability X X
Crosstalk Analysis X X X
Time Resolution X X X
Wave Calibration X X
Resonance Analysis X
In Vivo
< 2 subjects X X X
Studies > 2 subjects X X
is its response analysis for different types of waveforms. Studies related to IR determination,
repeatability, crosstalk analysis and time resolution are dedicated to local arterial stiffness as-
sessment prototypes' characterization. The other remaining studies, regarding resonance analysis
and pressure wave calibration are inherent to ABP/APW prototypes' characterization.
Since the various generations/versions of the same type of prototypes included successive
improvements and were developed in different periods of time, some of their representative studies
were not accomplished, or were accomplished in distinct test conditions instead.
Additionally to prototypes, the characterization of the hydraulic test bench systems I , II and
II-B was also addressed in order to examine the propagation of the pressure wave along the tube
and their DC pressure - PWV relation.
These latter experiments will be described first in the next section and then, in the following
sections, the procedures related to each prototype characterization will be particularized.
4.2 Test Benches' Characterization
The characterization of the test benches was fundamental to evaluate their ability to reproduce
the major properties of the cardiovascular system, especially those related to the propagation of
the arterial pulse wave and with the range of clinically interesting PWV and pressure values.
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Two main experiments were carried out to achieve this purpose. The first one aimed at
studying the longitudinal wave propagation phenomenon, where a short pressure wave was
delivered by the ACT to the system at a constant level of DC pressure. Using one of the measuring
probes for local arterial stiffness assessment, the pressure wave was sensed at equally spaced (2
cm) locations along the tube, in order to have a precise scanning of its travel.
In table 4.2 the main characteristics of the wave propagation study, for each of the hydraulic
test benches, are specified.
Table 4.2: Characterization of the hydraulic test bench systems: main characteristics of the
wave propagation study.
Hydraulic Test Bench AWG Parameters Acquisition Parameters
Type
DC Pressure
(mmHg)
Waveform
Width
(ms)
Amplitude
(Vpp)
Probe
Sample
Rate (kHz)
I 52 Pulse 0.1 2.5 Single PZ 30
II 31 Gaussian 50 3 PZ DP1 12.5
II - B 52 Gaussian 100 3 PZ DP2 11
1 1st Generation of Prototypes.
2 2nd Generation of Prototypes.
The second experiment intended to explore the relation between PWV and the DC pres-
sure level in the tube. To fulfill this analysis, a Gaussian pressure wave (150 ms width, 3 Vpp
amplitude) was reproduced by the ACT and acquired by the two pressure sensors, placed at the
tube's extremities, for different values of DC pressure. Three trials, each one with at least 24
different levels of DC pressure, were performed. For (reference) PWV assessment, two values were
needed - the length of the segment between the two pressure sensors and the time delay between
the acquired pressure waves. Three simple approaches were used to estimate the time delay:
maximum of cross correlation, maximum detection based on a polynomial fit and zero-crossing
detection based on a linear fit. More details about these algorithms can be found in chapter 5.
This second experiment was only accomplished in test benches II and II-B, where all the
signals were sampled at 12.5 kHz and 5 kHz, respectively.
For test bench II-B, a supplementary study was devise in order to validate the obtained PWV
- DC pressure relation. Measurements of latex tube diameter were accomplished in three main
positions (60 cm, 124 cm and 190 cm) for each DC level pressure, using a digital caliper. With
this study, it was possible to infer about the tube's geometry, and hence its compliance.
In spite of the relevance of test bench system III, none of the previous experiments were carried
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out in this setup, since its main features had already been investigated in previous versions.
4.3 Local Arterial Stiffness Prototypes' Characterization
4.3.1 First Generation of Prototypes
4.3.1.1 Impulse Response Determination/ Waveform Analysis
The DP consists of two electrically independent PZ sensors that, although similar, could present
small variations on their structure. As a result, one of the main issues in PZ DP characterization
was to determine the Impulse Response (IR) for each one of its sensors.
The first approach used for IR determination was to excite the PZ DP with a Dirac like pulse
(δ(t)). Due to the technical complexity of generating a pure δ(t), a more efficient technique was
used, based on a chirp signal that sweeps linearly the range of frequencies from approximately DC
(500 mHz) to 2 kHz [105]. To achieve this purpose we used the non-hydraulic test bench system
where a linear sweep was generated by the AWG and fed to the ACT, with direct actuation on
the probe's PZ sensor.
The spectra of the PZ output (Y (jω)) and of the sweep input signal (X(jω)) were computed,
and the corresponding transfer function was inferred. Through the Inverse Fast Fourier Transform
(IFFT), this frequency response was transformed back to the time domain, resulting in the typical
IR of the PZ.
The procedure, schematized in figure 4.1, was applied to both PZ DP sensors and repeated
at different times to evaluate IRs repeatability.
Figure 4.1: PZ DP IR determination procedure.
In order to investigate the effectiveness of the determined IRs, test bench acquisitions and
carotid human acquisitions were carried out, with the intention of PZ DP signals deconvolution
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(principle detailed in chapter 5). In bench acquisitions, triangular pressure waves of 1.5 s, 500
ms and 1 s width were acquired, respectively, at three different tube's positions: 10 cm, 100
cm and 194 cm. In in vivo acquisitions, the PZ DP collar version was attached to the arterial
segment of the left common carotid of a young healthy volunteer. The measuring probe was
slightly readjusted until similar signals were obtained in both sensors and then several records of
20 s were performed.
All the signals were sampled at 12.5 kHz and stored for oine analysis using Matlab R©.
4.3.1.2 Crosstalk Analysis
In PZ DP architecture, the two sensors share a common support platform. Since this mechan-
ical coupling could raise a crosstalk phenomenon, it was important to analyze if there was any
undesired transmission from one PZ channel to the other.
The methodology followed to prove the presence or absence of this effect was equivalent to the
one used for IR determination: while one of the DP's PZ sensors was actuated by a linear sweep
signal (PZACT ), the other one was left free (PZfree). In this experiment, however, both responses
were recorded and two different IRs were estimated: one from the actuated sensor (IRACT ) and
the other one from the free sensor (IRfree).
The actuated sensor generated a typical IR, while the free sensor presented an inverted one,
of much lower amplitude. These IRfree particularities were immediately seen as an inertial mass
issue; however, to confirm that the resistance of the PZfree to preserve its idle state was the
responsible for this outcome, an additional experiment was necessary. Two metal pieces of 2 grams
were attached to the PZfree, in order to increase its inertial mass, and the previous methodology
was repeated for both PZ sensors.
Since the results obtained verified this assumption (see chapter 6, figure 6.10), we moved for-
ward to test bench trials where the PZACT , placed on the tube's end, sensed a triangular pressure
wave (1 s width, 0.5 Hz frequency) and the PZfree was suspended. Through a deconvolution
process, it was possible to infer the existence, or not, of a crosstalk effect. In both studies, the
signals were sampled at 12.5 kHz and stored for oine analysis using Matlab R©.
4.3.1.3 Time Resolution Evaluation
The great potential of the PZ DP is its time resolution that allows the discrimination of two
distinct points, even when the distance between them is very small.
Two different experimental tests were accomplished to evaluate PZ DP performance in the
hydraulic test bench system II, where PWV could reach ≈ 20 ms−1 and time resolution was ≈ 1
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ms.
The first one sought to study the PWV error evolution of two uncoupled PZs regarding their
separating distance (∆x = |xPZa − xPZb|). Two PZ DPs (initially separated by 50 cm, ∆xi =
50) were placed on the tube to sense a Gaussian pressure wave (150 ms width, 0.5 Hz frequency)
for ∆x successively smaller, at constant DC pressure level (≈ 50 mmHg). In the performed three
trials, one of the PZ DPs was fixed while the other one was being moved towards it by 2 cm
consecutive intervals (see chapter 3, figure 3.26). The PWV values, determined using the two
uncoupled PZs, were estimated using the algorithms to be described on the next chapter and
compared with PWV reference values, calculated through the pressure sensors.
The second experiment aimed at evaluating the dispersion of the PWVmeasurements obtained
with the PZ DP, using the algorithm with best results in the previous experiment. The measuring
probe was placed in 25 different positions, along the silicone tube, to sense a burst of 10 Gaussian
pressure waves (400 ms width, 2.5 Hz frequency), at a ≈ 50 mmHg DC pressure level. The
precision of their PWV measurements was determined, as well as their accuracy concerning the
PWV reference. All the values were obtained segmenting the signals into periods by a sum slope
function, estimating time delay for each one and averaging all the individual values. More details
can be found in the chapter 5.
In both studies, the signals were sampled at 12.5 kHz and stored for oine analysis using
Matlab R©.
4.3.2 Second Generation of Prototypes
4.3.2.1 Waveform Analysis and Repeatability Studies
One of the main adjustments introduced in the second generation of prototypes, namely in the
new PZ DP's configuration, was their ability to visualize the original pressure wave in real-time.
In order to assess the capability of the measuring probes in distinguishing different waveforms
morphologies (waveform analysis study), two main experiments were carried out using the non-
hydraulic test bench system.
The first experiment aimed to examine the response of each probe for different types of
waveforms, generated by the AWG and exerted by the ACT using a 10 mm diameter PVC
interface suitable for each sensor's area. For the PZ DP, a short section of a latex tube (Primeline
Industries, 7.9 mm inner diameter, 0.8 wall thickness) was placed between the interface and the
PZ that was being actuated, in order to avoid signal's saturation. Four types of waveforms were
used: a Gaussian and three cardiac-like pulses (types A, B and C) that reproduce different states
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of arterial wall elasticity. Types A and B correspond, respectively, to cases of pronounced and
slight arterial stiffness and type C, commonly seen in healthy individuals, characterize elastic
arteries [88].
The second experiment of the waveform analysis study intended to correlate the profiles
obtained by each probe when both devices were simultaneously actuated. To achieve this purpose,
the ACT described the same type of waveforms than the previous experimental test, moving an
acrylic cylindrical interface of 40 mm diameter that was separated from the probes by the latex
tube. The use of an additional latex layer, besides avoiding the PZ's signal saturation, is a
more realistic scenario of what happens in in vivo acquisitions, simulating the thickness of the
structures that make up the skin and fat accumulations.
In figure 4.2, the interaction between the ACT and the measuring probes is depicted. The PZ
DP and the AP were placed one above the other, so that only their both first sensors (PZ1 and
M1) would be actuated at the same time. To obtain the best response of each type of sensor, an
amplitude of 3.5 V and a frequency of 1 Hz was selected for every input signal.
Figure 4.2: Detail of the non-hydraulic test bench's configuration used in the second
experiment of the waveform analysis study. A - Optical table; B - ACT's mechanical
support; C - probe's mechanical support; D - ACT; E - acrylic interface; F - latex
tube; G - AP; H - PZ DP; PZ1 - piezoelectric 1; MIC1 - microphone 1.
In what concerns the repeatability study, it sought measuring the same waveform repeatedly
and under identical conditions by the PZ DP and the AP. To achieve this, each sensor was
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excited with fifty independent impulses with the same amplitude and width (Gaussian, 1 s width,
1 Hz frequency). With those signals, the average signal was determined and used as reference
to calculate the Root Mean Square Error (RMSE) for each signal. The RMSE is a measure of
the absolute difference between a reference and the measure in test and shows how closely the
waveforms are from each other. It is computed through equation 4.1, where Mapprox,i is the
measure in test, Mref,i is the reference and n is the number of points of the signals in analysis.
RMSE =
√∑n
i=1(Mapprox,i −Mref,i)2
n
(4.1)
In both studies (wave analysis and repeatability), the signals were sampled at 5 kHz and stored for
oine analysis using Matlab R©. To avoid the presence of the resonant frequency of the actuator
(≈ 380 Hz ± 20 %) and to reduce the effect of wave perturbations caused by building vibrations,
all the sensors signals were submitted to a 100 Hz low pass filter. In the wave analysis study,
an integration of the AP signals was also performed using a cumulative sum function (Matlab R©
cumsum()) to compare them with the original input signals.
4.3.2.2 Crosstalk Analysis
Similarly to the first generation of prototypes, it was important to analyze whether some sort of
interaction between the two PZs and the two acoustic sensors (microphones) that made up each
of the measuring probes existed or not.
The first part of this study was done simultaneously with the repeatability test, where one of
the sensors was being actuated (PZACT ≡ PZ1) and the other one was left free (PZfree ≡ PZ2),
that is to say without any contact with the PVC adapter/ACT. The responses of both transducers
for fifty independent impulses (Gaussian, 1 s width, 1 Hz frequency) were recorded and the average
signals were estimated. This procedure was then applied to the other sensing element, such that
PZACT ≡ PZ2 and PZfree ≡ PZ1. After the PZ DP characterization, the same methodology was
applied to the AP and its sensors (MIC1 and MIC2).
The actuated transducers of both types of probes generated a typical differential signal with
a good SNR. However, while the free transducers of the PZ DP presented a small oscillation that
could be considered negligible, the free transducers of the AP generated a much lower amplitude
signal, with a reverse profile to that obtained for the actuated transducers (see results chapter 6,
figure 6.18).
Due to the characteristics of the signal obtained for the AP's free transducers, an additional
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experiment was performed in order to determine whether this transmission might interfere with
one of the most important aspects of the probe: its time delay assessment. Thus, the second
experiment consisted in the direct and simultaneous actuation of both AP's microphones, with
the purpose of time delay assessment. Both sensors were excited with three independent impulses
(Gaussian, 1 s width, 1 Hz frequency) and for each acquisition the time delay between both
transducers was determined, using different algorithms that will be described on the next chapter.
In this particular experiment, the signals were sampled at 12.5 kHz (the same sampling frequency
used in in vivo tests).
4.3.2.3 Time Resolution Evaluation
The final purpose of the second generation of prototypes' characterization was the evaluation of
their ability to precisely assess the time delay between two distinct points, separated by a very
small distance.
Two experimental tests, similar to those performed in the first generation of prototypes, were
executed to evaluate PZ DP and AP performance in the hydraulic test bench II - B, where PWV
could reach ≈ 14 ms−1 and time resolution was ≈ 1 ms.
In the first experiment, two PZ DPs, initially separated by 40 cm (∆xi = 40 cm), were placed
on the latex tube with the help of external clamps. One of the probes was kept fixed at the 50
cm position, while the other one was moved 2 cm at a time from the 90 cm position to the 52 cm
position. For each position, a Gaussian waveform (150 ms width, 10 Hz frequency) was delivered
to the system, and then the time delay and PWV were estimated between the first sensors of both
PZ DPs (∆x = |xPZa− xPZb|) and also between the pressure sensors (PS1 and PS2) attached at
the extremities of the tube. The test was repeated two more times, for a constant DC pressure
level of ≈ 50 mm Hg. The relative errors between the reference PWV and the PWV obtained with
the uncoupled sensors for each separation distance (∆x) were calculated, using the algorithms
described in the next chapter. The same procedure was then applied to two distinct APs, in order
to determine the PWV error evolution of two uncoupled microphones regarding their ∆x.
In the second experiment, the PZ DP was placed in twelve consecutive positions along the
latex tube to sense a burst of 10 Gaussian pressure waves of 150 ms width. This procedure was
also applied to the AP but for a burst of 10 Gaussian pressure waves of 400 ms width. Two trials
were performed for PZ DP and AP at ≈ 50 mm Hg DC pressure and then the precision of their
PWV measurements was determined, as well as their accuracy regarding the reference PWVs. All
the values were calculated separating the signals into periods, estimating time delay for each one
using the algorithm that gave the best results in the previous experiments and later averaging all
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the individual values. More details can be found in the next chapter.
In both aforementioned studies, the signals were sampled at 5 kHz and stored for oine
analysis using Matlab R©.
4.3.2.4 Pre-Clinical Validation Studies
After the characterization of the measuring probes in test bench systems, the next step was to
investigate their feasibility in in vivo acquisitions.
This study intended to compare carotid PWV values (and other hemodynamic parameters),
obtained in healthy patients, using the two types of probes at different clinical units.
Twenty young volunteers averaged 22.12 ± 1.96 years were recruited and gave written informed
consent prior to recording. The study protocol was also approved by the ethical committee of the
Centro Hospitalar e Universitário de Coimbra (CHUC). Each participant was properly weighed
and measured and after 5 minutes of rest in supine position, an ABP measurement was obtained
from the right brachial artery, using an automatic clinically validated sphygmomanometer (MAM
Colson BP 3AA1-2 R©; Colson, Paris). The carotid-femoral PWV was also measured using the gold
standard Complior R© system, in order to determine whether there was any correlation between
this device (regional assessment) and the developed prototypes (local assessment).
Next, a straight arterial segment of the right common carotid artery was identified by a skilled
operator and a record of approximately 20 - 30 s was obtained first using the PZ DP, longitudinally
aligned with the artery (figure 4.3), and then using the AP.
Figure 4.3: In vivo acquisition in a young healthy subject using the PZ DP.
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Data acquisition was performed with the dedicated real-time software Cardiocheck GUI and
automatically stored in the Cardiocheck DB. Age, gender, weight, height, waist, SBP and DBP
were also stored in the same DB.
All the signals were acquired at a sample rate of 12.5 kHz and were processed oine in
Matlab R©, using the algorithms that will be described in the next chapter.
4.4 Arterial Blood Pressure and Waveform Prototypes Charac-
terization
The prototypes C4 and C10 were characterized in workbench and in vivo conditions, in order to
validate the sensing apparatus and the signal processing techniques dedicated to the assessment
of two important markers of cardiovascular risk: APW and ABP.
The studies performed with prototype C4 will be described in subsection 4.4.1 and those
performed with prototype C10 in subsection 4.4.2.
4.4.1 Prototype C4
4.4.1.1 Waveform Analysis
The sensing element of prototype C4 consists of a vibrator-accelerometer pair mounted on a
common support. When the tip of the probe is leaned on an elastic wall, the vibration detected
by the accelerometer suffers an amplitude modulation effect from which the modulating signal
can be derived.
This study sought measuring the morphology of different pressure waves that propagate
through a fluid confined in an elastic tube. To achieve this purpose, the measuring probe was
placed at the end of the latex tube of the hydraulic test bench system III (figure 3.28, subsection
3.4.2) to collect the wave generated manually by the piston mechanism, placed at the other end
of the tube.
The measuring probe was excited by a continuous sinusoidal waveform (800 Hz frequency,
800 mV amplitude) and was held by a fixation device that kept it steadily against the tube wall,
sensing pressure variations. Eleven distinct measurements were performed over a short period
of time (5 s - 20 s) and close to the pressure sensor, used as reference device. Before a new
measurement, the probe was lifted and readjusted on the latex tube.
The demodulation algorithms, described in chapter 5, were applied to the different accelero-
metric data in order to recover the original modulating profiles which were then compared with
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the pressure waveforms taken by the manometer. For each data set, the RMSE was calculated
between the recovered and the reference profiles.
All the signals were sampled at 12.5 kHz and stored for oine analysis using Matlab R©.
4.4.1.2 Waveform Calibration
The first steps in the development of a calibration method for the quantification of pulse waveforms
in pressure units started with prototype C4.
Since the measuring probe is based on a calibrated sensor, it was important to seek any
quantifiable relationship between the pressure exerted by the circulating fluid upon the walls of
an elastic tube and the signals sensed by the accelerometer when placed in mechanical contact
with the tube.
The waveform calibration study was done simultaneously with the waveform analysis experi-
ment on the hydraulic test bench system III and was divided into two parts.
The first part of the study aimed at determining a set of calibration curves able to relate the
water pressure variations (measured invasively with a manometer) with the acceleration waveforms
(obtained non-invasively by the sensing probe, after demodulation process).
The second part of the study intended to demonstrate the effectiveness of the previously de-
termined calibration curves on other non-pressure calibrated signals, acquired with the measuring
probe in similar test bench conditions. For each data set, the RMSE between the reference and
the calibrated pressure waveforms was determined.
In both studies, the measurements were performed close to the manometer at the end of the
tube, with the sensing probe being excited by a continuous sinusoidal waveform (800 Hz frequency,
800 mV amplitude) and held by a fixation device that kept up a constant force, while the probe
was sensing pressure variations against the tube wall.
All the signals were sampled at 12.5 kHz and stored for oine analysis using Matlab R©.
4.4.1.3 In Vivo Studies
In addition to the bench tests reported in the previous subsection, in vivo studies were also
performed to evaluate the potential of the developed prototype and method in non-invasively
assessing the APW and ABP on human carotid arteries.
The study protocol was approved by the ethical committee of the CHUC. The subject was
a young healthy volunteer that gave informed consent. Measurements were carried out in the
left common carotid artery over approximately 15 - 30 s, after a rest period with the patient
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lying in sitting position. After detecting the carotid pulse by hand, the measuring probe, excited
by a continuous sinusoidal waveform (800 Hz frequency, 800 mV amplitude), was placed in that
location by a trained operator that attempted to exert a steady force on the carotid artery during
the recording.
The Envelope Detector Algorithm (EDA), described in chapter 5, was applied to the accelero-
metric data to recover the APW. The ABP was estimated applying the proper calibration curve,
determined previously in test bench conditions.
The precision of SBP, DBP and PP was also determined by segmenting the signals into
periods, estimating the maximum and the minimum values of the calibrated APW as well as
their difference and, finally, averaging all of them.
All the signals were sampled at 12.5 kHz and stored for oine analysis using Matlab R©.
4.4.2 Prototype C10
4.4.2.1 Resonance Analysis
One of the main technical advances introduced in prototype C10 was the mechanical simplification
and miniaturization of the probe that allowed the unit to vibrate more. Nevertheless, if the
mechanical resonance of the sensing tip was identified (i.e. the state of the system in which
maximum energy conversion happens and hence large vibrations are produced), the maximum
system's sensitivity would be achieved [138, 145].
In order to determine the frequency or frequencies at which the system oscillated at the highest
amplitude in response to an external stimulus, two main approaches were used.
In the first approach, a chirp signal (35 mV amplitude) that sweeps linearly the range of
frequencies from 1 kHz to 10 kHz was generated by the AWG and delivered to the PZ. The
(frequency) response of the accelerometer was recorded and then its upper envelope was computed
in order to detect their absolute and relative maximum peaks.
In the second approach, a short duration pulse wave (40 ms width, 400 mV amplitude) was
used instead to excite the sensing unit (PZ). Through the (time) response measured by the
accelerometer, it was possible to determine the corresponding frequency spectrum and hence its
absolute and relative maximum values.
In both cases, the procedure was repeated at least two more times with the sensing tip
vibrating freely while resting on a sponge on each side.
The signals were sampled at 12.5 kHz (first experiment) and at 250 kHz (second experiment)
and stored for oine analysis using Matlab R©.
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4.4.2.2 Waveform Analysis
Similarly to prototype C4, it was necessary to investigate if prototype C10 could accurately
retrieve pulse wave morphology, since several modifications were implemented. One of the main
upgrades in electronics was the ability to monitor PZ's electrical parameters (current and power),
that were regarded as potentially important sources of information.
In the first part of the study, the validation tests were carried out in the hydraulic bench
system III and were done simultaneously with the waveform calibration study (next subsection
4.4.2.3).
The sensing tip, rigidly attached to the tri-axial position monitoring system (figure 4.4), was
placed at the end of the latex tube, close to the manometer, and was excited by a continuous
sinusoidal waveform whose frequency matched its mechanical resonance value (i.e. 4675 Hz).
Twelve distinct measurements with successively higher applanation positions were performed
over a short period of time, aiming to acquire the pressure wave generated by a piston that
was manually maneuvered by an operator. In the applanation process, the z-direction linear
positioner travelled to positions ranging from 101500 to 116500 microsteps, guarantying that the
PZ's central part was in direct contact and flattening the latex tube.
The EDA, to be described in chapter 5, was applied to the acceleration, current and power
data in order to recover the original modulating profiles and compare them with the pressure
waveforms taken by the manometer. For each data set, the RMSE was determined between the
recovered and the reference profiles.
In the second part of the study, the prototype was tested in a human carotid of a healthy
volunteer. In vivo data was collected following the protocol already described in subsection
4.4.1.3, with the approval of the ethical committee of the CHUC.
The sensing tip was driven by a continuous sinusoidal waveform (4675 Hz frequency, 1 V
amplitude) and the recording process began when a steady carotid pulse was observed. The
APWs were extracted using the EDA that was applied to the acceleration, current and power
acquired data.
In both studies, the signals were sampled at 12.5 kHz and stored for oine analysis using
Matlab R©.
4.4.2.3 Waveform Calibration
The estimation of a complete and intrinsically calibrated pressure profile was the ultimate purpose
in the characterization of prototype C10. Therefore, to investigate the feasibility of an alternative
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(a) (b)
Figure 4.4: Detail of the coupling between the measuring mechanism and the latex
tube of test bench system III in the waveform analysis and calibration studies. (a)
Free sensing tip. (b) Applanated sensing tip. A - xyz positioner; B - sensing tip and
adapter; C - latex tube.
waveform calibration method, a final study was carried out in the hydraulic test bench system
III.
Identically to prototype C4, this method was centred on the use of calibration curves that
establish a relation between the water pressure variations measured invasively with the manometer
and the waveforms obtained non-invasively by the sensing probe, after demodulation process.
However, the curves' computation was based on the assumption that the sensing probe response
should remain constant, i.e. the amplitude measured when it was freely vibrating should be the
same as that measured when it was pressed.
Two types of calibration curves were determined according to the physical quantity assessed
with the sensing tip. The first type used an electrical parameter (i.e. the PZ's power) while
the second used a mechanical one (i.e. the acceleration). For both situations, the determination
process was identical and required the following steps:
1. Establishment of a reference calibration value - with the sensing tip in a free state (figure
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4.4a) and vibrating sinusoidally at its resonance frequency, the peak-to-peak amplitudes of
the power (1st experiment) and of the acceleration (2nd experiment) carriers were set;
2. Attenuation of the oscillation amplitude - using the tri-axial positioner, the sensing tip was
placed closed to the manometer and was moved down in the z-direction to guarantee the
flattening of the latex tube by the PZ's centre and, thus, the attenuation in amplitude of
the sensed oscillations (figure 4.4b);
3. Restoration of the reference calibration value - by adjusting the input voltage of the exci-
tation signal that drives the PZ, it was possible to reestablish the peak-to-peak amplitude
values measured initially for the power and acceleration carriers;
4. Acquisition of pressure wave variations - a pressure wave was manually generated by the
piston mechanism and acquired by the measuring probe;
5. Determination of the calibration curves - the relationships between the power/acceleration
waveforms, recovered using the EDA, and the pressure waveforms taken by the manometer
were plotted. A regression analysis was used to obtain different line/curve fits and the
corresponding equations.
In table 4.3, the main study conditions in the determination of each type of calibration curve
are specified.
Table 4.3: Waveform calibration study: main features in the determination of
the power and acceleration calibration curves.
Parameter Power Acceleration
Calibration Curve A B C D
Calibration Reference Value1 7.01 37.54 1.46 1.64
Applanation Position (microsteps) 70500 70500 77500 98500
DC Pressure Value (mmHg) 24 23 39 48
Excitation
Initial Amplitude (mV) 65 150 20 65
Signal Final Amplitude2 (mV) 103 227 70 920
Frequency (Hz) 4675
1 Peak-to-peak amplitude of the power and acceleration carriers when the sensing tip
is vibrating without any constraint. Power and acceleration are given in µW and g.
2 Amplitude necessary to reestablish the calibration reference value after sensing tip's
applanation.
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To complete the waveform calibration study, the efficacy of the previous calibration curves
was evaluated on non-pressure calibrated signals acquired for successively higher applanation
positions with prototype C10.
Four different sets (A, B, C, D) were performed according to the calibration curve in test. In
each set, several acquisitions were carried out using the conservation principle followed in deter-
mining the calibration curves. In other words, for each applanation position, the linear positioner
travelled in z-direction to positions that were separated from the calibration applanation position
by, at least, 3000 microsteps (≈ 0.30 mm) and then the procedure described in steps 3 and 4 was
repeated.
Subsequently, the calibration curves were applied to the power/acceleration modulating pro-
files, recovered using the EDA. For each acquisition, the main characteristic pressure values
(maximum, minimum, mean and difference) obtained with prototype C10 after calibration were
compared with the reference pressure values obtained with the manometer. Although various re-
gression models (linear, second or higher order polynomials) were tested for the same calibration
curve, only the one that achieved the best results will be presented and discussed in chapter 7.
All the signals were sampled at 12.5 kHz and stored for oine analysis using Matlab R©.
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CHAPTER5
Data Processing and Analysis Techniques
In this chapter, the data processing and analysis techniques implemented aiming hemodynamic
parameters extraction are described. After a brief introduction, the algorithms applied specifically
to the signals acquired by the prototypes for arterial stiffness assessment are detailed. Then,
special focus is given to the signal processing methods inherent to the prototypes for ABP/APW
evaluation.
5.1 Introduction
The conception of two main classes of prototypes, aiming the extraction of distinct hemodynamic
indexes, led to the development of dedicated data processing algorithms.
Two major groups of processing and analysis techniques can be distinguished: 1) those dedi-
cated to local arterial stiffness assessment and 2) those dedicated to ABP/APW evaluation.
The first group, applied to the signals acquired by the PZ DPs/AP, includes time delay estima-
tion algorithms and pulse contour routines for time-based parameters extraction. The algorithmic
approach developed for cardiac pulse modeling is also described due to its important role in the
prototypes' experimental characterization, as well as the deconvolution process, employed on the
signals collected by the first generation of prototypes.
The second group of techniques, applied to prototypes C4 and C10, comprises demodulation
procedures for waveform delineation and subsequent calibration.
Additional procedures related to segmentation and normalization are described for each type
of acquired signals.
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5.2 Local Arterial Stiffness Assessment
5.2.1 Cardiac Pulse Synthesis
The local arterial stiffness prototypes were evaluated in test bench and, when possible, in in
vivo conditions. For test bench studies, several pressure waveforms (including Gaussian-like
and cardiac-like pulses) were programmed and used as ACT's inputs, due to their adequacy as
reference signals for the algorithms being tested.
The Gaussian-like wave is a conventional type that can be found in the Agilent 33220 AWG.
Contrarily, the cardiac-like waves, as a result of their specificity, were purposefully synthesized in
Matlab R©.
The synthesis of a cardiac-like pulse is based on a weighted combination of exponentially
shaped sub-pulses that represent the main physiological components of the APW [3]. They
represent, respectively, the systolic stroke, the reflected wave, and finally the aortic reservoir
or Windkessel effect that occurs when the aortic valve closes. Each sub-pulse consists of two
successive exponential curves for the rising and falling edges. The general expression of the
synthesized pulse, c(t), is:
c(t) =
3∑
k=1
Ak
(
e
− t−DRk
τRk − e−
t−DFk
τFk
)
(5.1)
where Ak is the amplitude, DRk and DFk are the delays of exponential rising and falling and τRk
and τFk are the rising and falling exponential time constants for systole (k=1), reflection (k=2)
and windkessel effect (k=3).
Prior to summing, the sub-pulses are submitted to a moving average filtering process in order
to smooth the corners, that, otherwise, would show up in c(t).
Figure 5.1 depicts the synthesized waveforms with a suitable selection of the previous param-
eters. Three different types of waveforms were conceived in order to reproduce different states of
arterial wall elasticity: type A and type B, correspond respectively to cases of pronounced and
slight arterial stiffness (non-healthy subjects) and type C, commonly seen in healthy individuals,
characterize elastic arteries [88].
5.2.2 Deconvolution Process
The deconvolution process allows the reversal of the effect that a specific system exerts on its input
signal. In general, the output signal (y(t)) is related to the input signal (x(t)) by a convolution
product:
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Figure 5.1: Synthesized cardiac-like waveforms used in probes' characterization
studies. (a) Type A. (b) Type B. (c) Type C. Pi - Point of inflection. SP - systolic
peak. DW - dicrotic wave. The subfigures show the three relevant cases concerning
time of arrival of the reflected wave during systolic upstroke (a), shortly after systolic
peak (b) and during late systole (c).
y(t) = x(t) ∗ h(t) (5.2)
where h(t) is the IR of the system. In the frequency domain, the previous convolution theorem
comes as:
Y (jω) = X(jω).H(jω) (5.3)
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or,
X(jω) =
Y (jω)
H(jω)
(5.4)
where H(jω) = FFT (IR) is the system's transfer function resulting from the Fourier trans-
form of IR.
Once H(jω) and Y (jω) - the FFT of the recorded signals - are known, it is possible to find
X(jω) and, hence, x(t).
In the present work, the deconvolution method was used in the characterization of the first
generation of prototypes for local arterial stiffness assessment. y(t) is the response of the PZ DP,
x(t) is the input to be assessed (i.e. pressure pulse) and h(t) corresponds to the IR, determined
experimentally in the non-hydraulic test bench system, which characterizes each PZ sensor. In
figure 5.2, the relationship between the signals are depicted.
Figure 5.2: Schematic of the deconvolution process. Adapted from [37].
5.2.3 Signal Selection and Pre-Processing
The quality of the pressure pulses is an issue of major importance that must be taken into account
to achieve an accurate and reliable hemodynamic parameters extraction.
In order to obtain clean signals, with low noise, artifacts or irregular waveforms, some impor-
tant steps were applied to the raw data before implementing feature-extracting algorithms.
In the case of in vivo signals, the first step consisted in selecting a part of the signal with
good quality to be analyzed. Contrarily to bench experiments, in in vivo tests the conditions of
acquisition were not always easy to control due to their susceptibility to artifacts originated from
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voluntary or involuntary subject's movement. As a result, the part of the signal to be evaluated
was selected by the operator himself, bearing in mind two main criteria: at least 10 consecutive
cardiac cycles without any interferences should be included; and the pulses of the two probe's
channels should also present a good SNR and similarity between them. For test bench signals
this procedure was not applied.
Although this method proved to be effective in in vivo signals processing, its selection depends
on an operator, so as future work, a correlation based algorithm that automatically identifies the
best part to evaluate should be implemented.
Along with the previous particularity, all the signals had a common pre-processing routine
based on a DC component removal, signal filtering and normalization. Signal filtering, applied
with the intention of smoothing and decreasing high-frequency noise, was based on a 125-sample
moving average filter (signals from the first generation of prototypes) or on a low-pass filter with
a cut-off frequency of 100 Hz (signals from the second generation of prototypes). In circumstances
where the signals were pulsatory, segmentation was the first step to be applied, followed by the
aforementioned pre-processing routines. In the next subsection, more details about segmentation
process will be given.
5.2.4 Signal Segmentation
The segmentation process of periodic signals into individual pulses was an important step in
signal pre-processing, allowing the subsequent determination of hemodynamic parameters.
Depending on the acquisition conditions, two different approaches were developed with the
intention of signal division. The first was applied to the signals acquired only in test bench
systems while the other was employed to the signals acquired in in vivo conditions.
5.2.4.1 Test Bench Experiments
One of the main experiments for probes' time resolution evaluation required the assessment of
PWV of a burst of Gaussian pressure waves sensed at different positions of the elastic tube. To
achieve a meaningful PWV value for each location, an adapted version of the algorithm developed
by Zong et al. [168] was implemented. A brief representation of the process applied to the signals
acquired by the PZ DP (first generation of prototypes) is presented in figure 5.3.
This algorithm, which relies on a windowed and weighted sum slope function for wave onset
detection, was applied to the normalized ACT driving signal in order to segment it into periods
(figure 5.3b). As a result, the other sensors' signals were also segmented using the ACT's detected
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Figure 5.3: Normalization and segmentation processes applied to the signals ac-
quired in test bench conditions. (a) Signals acquired in the time resolution experiment
with the PZ DP (1st generation). (b) Detection of the foot points in a set of pulses
of the ACT signal using the sum slope function. (c) Sobreposition of the segmented
signals.
foot points. For each period, the maximum of cross-correlation algorithm (to be described in
6.2.4.1) was used for time delay/PWV estimation and an average value was determined.
5.2.4.2 In Vivo Experiments
The in vivo signals, acquired aiming local PWV and other hemodynamic parameters extraction,
were segmented using a distinct approach from the one used in bench conditions, given the
nonexistence of a reference signal (ACT signal).
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Figure 5.4: Normalization and segmentation processes applied to the cardiac signals
acquired by the PZ DP (2nd generation) in a healthy carotid artery. (a) Identification
of the maximum points of the selected set of cardiac pulses. (b) Detection of the cut
points that define each cardiac cycle, T. (c) Overlap of the segmented PZ signals. (d)
Overlap of the integrated PZ signals' segments.
The general process consisted in determining the cut points from prominent locations of one
of the sensors' signals and then using the corresponding time periods to segment the other signal,
in order to preserve the time delay between them.
A brief representation of the procedure applied to the signals acquired by the PZ DP (second
generation) and AP are presented in figures 5.4 and 5.5.
After the normalization of the selected set of pulses, the first step consisted in the identification
of the maximum points of the PZ1 signal (in the case of the PZ DP) or the minimum points of
the MIC1 signal (in the case of the AP). The cut-off points were then determined subtracting
a predefined segment, represented by n and n1 in figures 5.4b and 5.5b, from the respective
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Figure 5.5: Normalization and segmentation processes applied to the cardiac signals
acquired by the AP in a healthy carotid artery. (a) Identification of the minimum
points of the selected set of cardiac pulses. (b) Detection of the cut points that define
each cardiac cycle, T. (c) Overlap of the segmented acoustic signals.
peaks' abscissas. Finally, and using these cut points as references, the signals were segmented
into cardiac cycles.
Even though this method uses a segment of constant duration for each type of pulses, it proved
to be effective, not compromising the determination of the several hemodynamic indexes for the
study population.
Nevertheless, more subjects, namely with pathological conditions, will be integrated in future
work in order to verify if this approach does not involve major pitfalls (e.g. upstroke cut). The
study and application of new methods for signal segmentation will be also investigated.
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5.2.5 Algorithms for Time Delay Estimation
The determination of time delay or PTT between the signals acquired by the PZ DPs and AP
allows local PWV and, hence, local arterial stiffness assessment. Although PWV is determined
as the linear ratio between distance and time delay, the distance between the sensors is fixed and
well-known, so time delay is the most critical parameter to estimate, depending on the algorithm
and on the wave's reference part that is used.
As previously mentioned in chapter 2, the most common points for PTT estimation are the
foot of the APW or the point of its maximum upslope [23, 65]. Although in regional assessments
there is an implicit consensus about the use of these reference points, in local measurements,
there is no agreement regarding the stable points or algorithmic approaches to use, namely in the
carotid artery, where early wave reflections can influence the identification of the wave's foot [49].
In the present work, four different methods were applied to calculate PTT in the several
experiments: a) maximum of cross correlation function, b) maximum and c) minimum amplitude
detection and d) zero-crossing point identification.
Time delay was determined between two main types of signals: between the signals of the
pressure sensors (used as a reference time for PWV estimation in test bench experiments) and
between the signals of the electromechanical probes, acquired either in bench test or in in vivo
conditions (human carotid arteries).
5.2.5.1 Maximum of Cross Correlation
Cross-correlation function is a measure of similarity between two different data sets as a function
of a time-lag applied to one of them. As a result, one of the possible features that can be extracted
with this function is precisely the time delay between them.
In the present work, the xcorr function of Matlab Signal Processing Toolbox was used to
determine the cross-correlogram's peak. In time resolution experiments with the first generation
of prototypes', the ACT driving signal was used as a reference. The signal was differentiated in
order to obtain a similar shape to the signals acquired either by the pressure sensors or by the PZ
DP. Then, time delay was estimated as the difference between the two maxima values obtained
from the cross-correlograms between the ACT signal and the pressure or PZ signals amplitude.
In time resolution experiments using the second generation of prototypes', the previous ap-
proach was modified in order to not depend on the ACT signal that was only available in bench
test conditions. Consequently, only the pair of signals coming from the electromechanical probes
or from the pressure sensors was used. With each set of two pulses, two correlograms were de-
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termined: one from the auto-correlation (correlation between the same pulse) and another from
the cross-correlation. The PTT was determined subtracting the maximum points of each one, as
illustrated in figure 5.6.
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Figure 5.6: Auto and cross-correlograms for PTT determination in carotid signals of
a young healthy subject acquired with the PZ DP (second generation of prototypes).
In both approaches, the PTT values were converted in seconds dividing the obtained samples
by the sampling rate used in each experiment.
5.2.5.2 Maximum and Minimum Amplitude Detection
Contrarily to the previous procedure that takes into account the full length of both signals, these
algorithms use the waves' peaks with the maximum and the minimum amplitudes to determine
time delay.
In order to ensure an accurate identification of the points, a 6th degree polynomial fit was
used in the maximum and minimum regions of each signal.
Figure 5.7 shows examples of the maximum and minimum points detected in the signals
acquired in test bench conditions by the pressure sensors and by the two generations of measuring
probes.
The maximum amplitude detection algorithm was applied to the signals of both generation
of prototypes while the minimum amplitude detection algorithm was only used in the signals of
the second generation of prototypes.
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Figure 5.7: Single-point based algorithms for time delay estimation between pres-
sure, PZ and acoustic signals acquired in test bench conditions. (a) Signals from
pressure sensors (PS1 and PS2). (b) Signals from two PZ sensors of the first gen-
eration of prototypes. (c) Signals from two PZ sensors of the second generation of
prototypes. (d) Signals from two acoustic sensors of the second generation of pro-
totypes. Max PTT - time delay between maximum signals' peaks; Min PTT -
time delay between minimum signals' peaks; ZC PTT - time delay between first
zero-crossing signals' points.
5.2.5.3 Zero-Crossing Point Identification
This algorithm, also based on the detection of a characteristic point of the wave, uses the zero-
crossing as a time reference for time delay estimation, due to the differentiator nature of the PZ
and acoustic sensors.
This point was determined through a linear fit on the first region where the signal changes
from positive to negative to reduce the effect of noise fluctuations.
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Figure 5.7 shows the zero-crossing points detected using this algorithm in PZ, acoustic and
pressure signals obtained in two sites of the hydraulic test bench systems.
5.2.6 Other Algorithms for Time-Based Parameters Extraction
Along with local PWV, other time-based hemodynamic parameters, such as HR, LVET and
Diastolic Time (DT) were also extracted from one of the signals acquired with PZ DP and
AP. Indexes that depended on the APW accuracy, such as AIx, Subendocardial Viability Ratio
(SEVR) or Maximum Rate of Pressure change (dP/dt), were not calculated, due to the errors
associated to its reproduction (more details in chapter 6).
HR, expressed as bpm and defined as the frequency at which heart beats, was determined in
both types of signals using the following expression:
HR =
n
∆t
× 60 (5.5)
where n is the number of maximum peaks or minimum peaks detected respectively in the PZ DP
and AP signals and ∆t is the duration of the entire signal in seconds.
LVET, defined as the period of time from the start of the pulse to the DN and DT, defined
as the period of time from the DN to the end of the pulse, were also calculated for each cardiac
cycle, but using a differentiation process.
In the case of AP signals, these parameters were extracted based on the conviction that the
onsets of the first and second carotid sounds (depicted as CS1 and CS2 in figure 5.8b) coincide,
respectively, with the onset and with the DN of the carotid pulse waveform [46]. The onsets of
carotid sounds CS1 and CS2 were identified as the maxima of their second time derivative. The
end of the pulse was recalculated adding the onset time of CS1 to the duration of the cardiac
cycle, previously determined in the segmentation process.
In the case of PZ DP signals, these points were found on the combined analysis of its integrated
signals (APW) and by means of its first order derivative. The onset and the DN of the PZ signal
were identified as the maxima of its derivative and the end of the pulse was determined, as
mentioned before, by adding the onset time of the PZ wave to the duration of the cardiac cycle.
Figure 5.8 shows one PZ pulse and one acoustic pulse with its prominent points identified
using the previous approaches.
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Figure 5.8: Example of some time-based parameters extracted from in vivo signals
using a differentiation process.(a) PZ DP signals. (b) AP signals.
5.3 Arterial Blood Pressure and Pressure Waveform Assessment
5.3.1 Amplitude Modulated Signals
As mentioned in chapter 3, the principle of operation of the ABP/APW instruments is based on
the amplitude modulation effect that occurs when the probe is set on the vessel wall and the fluid
pressure, transmitted through it, attenuates the vibrator oscillations sensed by the accelerometer.
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Considering that the probe is submitted to a sinusoidal displacement x(t) induced by the
vibrator:
x(t) = L.sin(w.t+ θ(t)) (5.6)
where L is the amplitude, w is the angular frequency and θ(t) is the phase of the oscillation.
When the probe is unconstrained, the sinusoidal waveform x(t) is sensed by the accelerometer
as:
a(t) = −L.w2sin(w.t+ θ(t)) = −w2.x(t) (5.7)
This waveform is known as the carrier wave, or carrier, and corresponds to an unconstrained and
therefore unmodulated oscillation.
When the probe is placed against the vessel wall, the amplitude L suffers an immediate
attenuation Atc that is proportional to the force that is applied on the vessel wall F and also to
the resistance that is offered by the vessel wall to the deformation (stiffness k). The fluctuations
in fluid pressure P are also transmitted through the vessel wall, modulating through attenuation
the oscillations sensed by the accelerometer. At this stage, the fluid pressure variation is defined
as the modulating signal and the accelerometer signal corresponds to the amplitude-modulated
carrier. Thus:
a(t) = −Atc.w2.x(t) (5.8)
Atc ∝ a1.F (5.9)
Atc ∝ a2.k (5.10)
Atc ∝ a3.P (5.11)
where a1, a2, a3 are calibration constants. The attenuation Atc of the modulated data can be
measured up to 100 % of the total amount of amplitude L.
Figure 5.9 illustrates typical signals acquired in the hydraulic test bench system III with
prototype C4, based on a 3-axis accelerometer. The z-axis is aligned with the direction of the
vessel (tube) wall movement and the other two axes (x-axis and y-axis) are orthogonally lined
up with the z-axis. Four regions can be highlighted in the z-axis signal according to the different
stages of the acquisition process (figure 5.9a): region r1 shows the oscillations sensed by the
accelerometer right before the probe is in contact with the vessel wall; region r2 coincides with
the positioning of the probe when it progressively gets in touch with the vessel wall; r3 represents
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the accelerometer oscillations when the probe is pressed against the vessel wall; region r4 exhibits
amplitude-modulated oscillations as a result of fluid pressure fluctuation inside the vessel (tube).
The differences between the amplitudes of the oscillations from regions r1-r3 and r2-r4 correspond
to the attenuations Atc and Atc′ , respectively.
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Figure 5.9: Amplitude-modulated signals. (a) Signals acquired in hydraulic test
bench system III with prototype C4 over different stages of the acquisition process.
(b) Expanded view of modulated oscillations in region r4. a - x-axis. b - y-axis. c -
z-axis.
5.3.1.1 Current and Power Signals
In prototype C10, the ability to measure the instantaneous current of the vibrator using a sensing
resistor was introduced.
As a result, when its measuring probe was placed against the elastic vessel wall, the oscillations
sensed by the accelerometer and by the PZ underwent an attenuation Atc.
In other words, it was possible to observe the amplitude modulation process in the current
i(t) and, thus, in the power p(t) signals sensed by the PZ, in such a way that:
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p(t) = Atc.i(t).v(t) (5.12)
Atc ∝ b1.F (5.13)
Atc ∝ b2.k (5.14)
Atc ∝ b3.P (5.15)
where v(t) is the voltage delivered to the PZ by a signal generator, matching the carrier wave
x(t) and b1, b2 and b3 are calibration constants.
i(t) and p(t) correspond to the amplitude-modulated carriers that are proportional to the
force which is applied on the vessel wall F , to the vessel wall stiffness k and to the fluid pressure
variation P .
5.3.2 Amplitude Demodulation Algorithms
The implementation of demodulation (reverse process of modulation) was fundamental to recover
the information content from the amplitude-modulated signals.
Two main types of algorithms were developed to achieve amplitude demodulation: the a)
Envelope Detector Algorithm (EDA) and the b) Product Detector Algorithm (PDA).
5.3.2.1 Envelope Detector Algorithm
The EDA, described in figure 5.10, detects the peaks in the amplitude-modulated oscillations.
The local maxima and minima are calculated using a threshold based approach and then interpo-
lated, allowing the extraction of the upper and lower envelopes of the modulated carrier. These
envelopes, corresponding to the modulating signal, undergo a filtering stage to remove the high
frequency noise that is typically present.
The extracted lower and upper profiles (lp, up) are the main sources of information on fluid
pressure fluctuations, allowing a direct estimation of the fluid pressure waveform or even the
extraction of operator handling artifacts. Different methods based on the use of one or several
profiles were developed to assess the pressure wave morphology.
In the case of acceleration modulated signals, the simplest methods employ either the upper
or the lower profiles extracted from the accelerometer signal that matches the direction of the
vessel wall movement (upmov, lpmov). These methods will be known as MUPmov and MLPmov,
respectively.
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Figure 5.10: Flowchart representing the EDA implementation in an acceleration
modulated signal. I - Modulation stage. II - Demodulation stage. III - Hemodynamic
parameters extraction stage.
Another method - MDIFmov - requires the determination of the difference between the lower
and the upper profiles, extracted from the accelerometer signal that matches the direction of the
vessel wall movement (lpmov-upmov).
105
5. Data Processing and Analysis Techniques 5.3. Arterial Blood Pressure and Pressure Waveform Assessment
A third method - MTOTa - applied when the probe is based on a 3-axis accelerometer, in-
volves the computation of the total profile (total_profile_a) extracted from the three orthogonal
accelerometer signals, where:
auxmov = lpmov − upmov (5.16)
auxorth1 = lpo1 − upo1 (5.17)
auxorth2 = lpo2 − upo2 (5.18)
total_profile_a =
√
aux2mov + aux
2
orth1
+ aux2orth2 (5.19)
And, lpo1−upo1, lpo2−upo2 are the differences between the lower and the upper profiles, extracted
from the accelerometer signals that match the orthogonal directions to the vessel wall movement.
It is also possible to extract relevant information when the upper or the lower profiles extracted
from the accelerometer signals, namely from the one that matches the direction of the vessel wall
movement, are added up (upmov+upmov). With this approach - MSUMmov -, it is possible to
remove the mean baseline fluctuations of each one of the accelerometer signals. These baseline
fluctuations reproduce the artifacts that are typically present in this type of measurements and
also the movement induced on the probe by the vessel wall distension.
In the case of current or power modulated signals sensed by the PZ, the approaches to assess
the pressure wave morphology are the same. The only difference is that the MTOTa is not used,
since no vectorial quantities are present.
As a result, the methods that employ simply the upper or the lower profiles extracted from the
current or power signals as well as the methods that involve the determination of their difference
or sum can be applied. These methods are designated as: MUP, MLP, MDIF and MSUM,
respectively.
5.3.2.2 Product Detector Algorithm
The PDA, illustrated in figure 5.11, allows the recovery of the original information by multiplying
the modulated signal by the original carrier wave used to drive the vibrator. Subsequent steps
include: computing of the frequency spectra using the FFT; low-pass filtering of the frequency
spectra; calculating the time profiles by means of the IFFT. At the end, the recovered time profiles
undergo a smoothing stage to remove the high frequency noise.
With the PDA algorithm, the morphology of the pressure wave can also be assessed using one
or all of the profiles.
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Figure 5.11: Flowchart representing the PDA implementation in an acceleration
modulated signal. I - Modulation stage. II - Demodulation stage. III - Hemodynamic
parameters extraction stage.
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In the case of acceleration modulated signals, the simplest approach uses the time profile
extracted from the accelerometer signal that matches the direction of the vessel wall movement
(pmov) and is labelled MTPmov. In the case of current or power modulated signals, the method
uses the time profiles extracted from the PZ's signals and is only designated as MTP.
The other one - MTOTb - applied when the probe is based on a 3-axis accelerometer, involves
the computation of the total profile (total_profile_b), extracted from the several orthogonal
accelerometer signals (pmov, po1, po2), where:
aux′mov = pmov (5.20)
aux′orth1 = po1 (5.21)
aux′orth2 = po2 (5.22)
total_profile_b =
√
aux′mov2 + aux′orth12 + aux′orth22 (5.23)
And po1, po2 are the profiles that match the orthogonal directions to the vessel wall movement.
5.3.3 Pressure Waveform Quantification
After demodulation, the pressure waveforms were subjected to a quantification process. This
process relied on the use of calibration curves empirically determined in test bench conditions
that related the signals obtained with the prototypes C4 and C10 with the signals acquired with
a manometer, placed through the elastic tube.
Although it was possible to estimate the pressure for each instant of the curve, only the highest
and the lowest values were taken into account. An extreme identification routine based on the
max function of Matlab Signal Processing Toolbox was used to detect the maximum point. For
the minimum point determination, the first 125 points of the signal were averaged.
Figure 5.12 shows a typical signal acquired in the hydraulic test bench system III with proto-
type C10, after demodulation and calibration. The maximum and minimum points are identified
in the figure as well as two other important parameters: mean pressure and pulse pressure values.
The pulse pressure, ∆P, is simply calculated from the difference of the estimated maximum
and minimum pressures.
The mean pressure value is the average pressure using the same formula as the MAP applied
to a single cardiac cycle, i.e.:
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Mean =
Maximum+ (2×Minimum)
3
(5.24)
As already mentioned, in in vivo signals, the maximum and minimum pressure values corre-
spond to the SBP and DBP, respectively.
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Figure 5.12: Pressure waveform and characteristic points acquired with prototype
C10 in the hydraulic test bench system III.
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CHAPTER6
Experimental Results and Discussion I:
Arterial Stiffness Assessment
This chapter, divided into four main sections, presents and discusses the most important exper-
imental results achieved in the characterization of the instrumentation for local arterial stiffness
assessment, using the methodology described in chapter 4. The first section addresses the results
obtained with the the hydraulic test bench systems I, II and II-B, in the wave propagation and
PWV-DC pressure studies. The second and third sections examine the results for the several bench
and in vivo studies obtained with the first and second generation of prototypes, respectively. The
last section summarizes the main contributions of the work carried out under the present subject.
6.1 Test Benches' Characterization
6.1.1 Hydraulic Test Bench I
The hydraulic test bench I was the first system to be developed and characterized concerning the
mechanics of wave travel and its reflection along an elastic tube.
Figure 6.1 depicts the propagation of a Gaussian pressure wave with duration of 100 µs along
the 82 cm silicone tube, using two different 3D representations: raw data in figure 6.1a and
deconvolved data in figure 6.1b. The latter is obtained using the IR of the single probe that, as
well as the double headed probe IRs, was also determined using the procedure schematized in
chapter 4, figure 4.1.
In both representations, the forward and reflected waves are clearly visible with higher contrast
in the deconvolved data. The reflected wave takes place at the end of the tube, since it constitutes
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(a) (b)
(c)
Figure 6.1: Propagation of the pressure wave along the tube of the hydraulic test
bench I. Raw data and deconvolved data are represented in the (a) and (b), (c)
panels, respectively. In the latter, the white circles and dashed lines result from a
peak detection algorithm. 1 - forward longitudinal wave; 2 - backward (reflected)
wave; 3 - forward transversal wave; A - physical reflection site.
a discontinuity zone, presenting the same speed and a similar shape of much lower amplitude that
the forward wave.
The white circles of figure 6.1c, generated by a peak detection algorithm, enhance the location
(in time and space) of the forward and backward propagating pressure waves. The slopes of their
best-straight-line-fittings (dashed black lines) measure the wave propagation velocity. The forward
and backward waves propagate at 20 ms−1 for a 52 mmHg DC pressure. A second forward wave (3
on figure 6.1), with a much lower velocity of 5.5 ms−1, very likely represents the slower transversal
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component of the forward propagating wave.
In addition to propagation velocity considerations, evidence of the system geometry can also
be sorted out. Firstly we notice that the lines converge precisely in the physical reflection site
located at 6 cm of the pressure sensor side of the flexible tube. Likewise, the longitudinal and
transversal components cross together in the point where they originate, 4 cm before the beginning
of the latex tube. These lengths exactly match the ones of the structures that hold the two ends
of the tube (figure 3.24).
Although this assembly allowed the reproduction of a wave propagation phenomenon similar
to the one that occurs in the cardiovascular system, various important limitations were present.
The first one was related to the fast and short stroke ACT that only allowed generating pulses of
the Dirac type. The tube length was another drawback, enabling multiple reflected waves to be
generated at its extremities and be added on the shape of the measuring probe's signal. The last
one concerned the need to have a reference mechanism for PWV determination.
To overcome these constraints, a new assembly - hydraulic test bench II - with a larger tube to
minimize reflections, a linear ACT capable of generating complex waveforms and a dual pressure
sensor mechanism to PWV assessment, was developed and characterized.
6.1.2 Hydraulic Test Bench II
Figure 6.2 depicts the propagation of a Gaussian pressure wave with a 50 ms duration along the
2 m silicone tube, where the forward and reflected waves are clearly visible.
The pressure wave generated by the ACT is reflected at the tube's end as a backward wave
which, later on, suffers from a new reflection at the tube's beginning, a phenomenon that keeps
repeating until the pressure wave dissipates. The dashed black lines, illustrated in this figure,
enhance the location of the forward and reflected propagating pressure waves.
Through the slopes of the linear fitting over the amplitude absolute maxima, it is possible to
estimate the wave propagation velocity which, for this experiment, is 18.3 ms−1 for a 31 mmHg DC
pressure. It is also possible to observe that the lines converge precisely in the physical reflection
sites located at 1.5 cm after the end of the flexible tube and 4.5 cm before its beginning (A and
B on figure 6.2) and whose distances exactly match the ones of the structures that hold the two
extremes of the tube (figure 3.26).
To complete the test bench characterization, the relation between the DC pressure level and
the PWV in the tube was also established. Figure 6.3 illustrates the resulting relationship, for
a Gaussian wave of 150 ms width, acquired by the two pressure sensors for 31 different levels of
DC pressure.
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Figure 6.2: Propagation of the pressure wave along the tube of the hydraulic test
bench II. 1- forward wave; 2, 3 - backward (reflected) waves; A, B - physical reflection
sites.
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Figure 6.3: Relation between the DC pressure level and PWV in the hydraulic test
bench II. A - direct proportional phase; B - maximum plateau phase; C - decay
phase.
This figure shows a similar dependence for the three algorithms used for PWV estimation:
maximum amplitude detection, maximum of cross correlation and zero-crossing point identifica-
tion. Furthermore, it is possible to distinguish three phases from the obtained results. The first
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phase (A), between 6 - 30 mmHg DC, presents, as expected, a direct proportional relation between
PWV values and the DC pressure levels. Regarding Bramwell-Hill equation [24], higher pressure
corresponds to higher PWV, but also to lower capability of the tube to stretch. The second phase
(B), between ≈ 30 - 60 mmHg DC, can be referred as a plateau region, since the PWV outcome
remains approximately constant, even as the pressure in the system increases. The maximum
PWV values (≈ 19 ms−1) are reached as a result of exiting the tube's elastic region. The third
phase (C), between 60 - 150 mmHg DC, presents a successive decay of PWV values as DC pressure
levels increase. This phenomenon can be explained as the tube is at its plastic region, and the
DC pressure is high enough to cause a change in tube geometry, increasing its diameter and/or
diminishing its wall thickness and consequently, decreasing PWV, as Moens-Korteweg equation
postulates.
The main mechanic restriction of this assembly is its reduced compliance that confines the
linear operating range of DC pressures (6 mmHg - 70 mmHg), and as a result the range of PWV
values (≈ 13 - 19 ms−1). To overcome this drawback, a latex tube was used in a new iteration of
this configuration - hydraulic test bench II-B - in order to allow a more physiologically accurate
flow system with the possibility of making comparative measurements between pathological and
non-pathological situations.
6.1.3 Hydraulic Test Bench II-B
Figure 6.4 depicts the propagation of a Gaussian pressure wave with duration of 100 ms along
the 2 m latex tube.
The system presents a wave propagation pattern similar to the one presented by the hydraulic
test bench II, however, through the best-straight-lines-fittings over the forward and reflected
propagating waves, the estimated velocity is 13.9 ms−1 for a 52 mmHg DC pressure. In the same
figure, it is also possible to identify other slight waves with a lower velocity (4.61 ms−1) that
correspond to the transversal components of the main forward and backward waves. Since the
geometry of the system is maintained, the physical reflection sites coincide with the ones of the
previous test bench system, located at -1.5 cm and 4.5 cm of tube's extremities.
The relation between the DC pressure level and the PWV in the latex rubber tube is presented
in figure 6.6. Each point represents the mean of three trials, where a Gaussian wave of 150 ms
width was acquired by the two pressure sensors for 26 different levels of DC pressure.
It is visible that the PWV decreases linearly as the DC pressure increases for the three
used algorithms that reveal a very good agreement with their linear trend lines. Although this
dependence at first seems to be misleading if the Bramwell-Hill equation is considered, in fact it
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Figure 6.4: Propagation of the pressure wave along the tube of the hydraulic test
bench II-B. 1- forward wave; 2, 3, 4 - backward (reflected) waves; 5, 6 - forward and
backward transversal waves; A, B - physical reflection sites.
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Figure 6.5: Relation between DC pressure level and PWV in the hydraulic test
bench II-B. A linear fit was made for each set: maximum algorithm: y = -0.0102x
+ 14.493, R2 = 0.996; cross-correlation algorithm: y = -0.01x + 14.225, R2 = 0.998;
zero-crossing algorithm: y = -0.0102x + 14.164 R2 =0.998.
is not.
The compliance, distensibility, PWV and Einc variables are all used to describe mechanical
properties of an elastic vessel. At a given geometry (radius and wall thickness), it is clear that
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distensibility, for example, is directly related to compliance and indirectly related to Einc and
PWV. However, once vessel geometry is altered, the relationships among these variables change
[13]. In fact and although arteries tend to become stiffer (higher PWV) with pressure increase,
with the compliance dropping dramatically [16], this is not true for latex vessels, where the
compliance tends to increase at higher pressures due to vessel expansion and/or wall's thinning
[157].
For the present experiment, and in order to verify that the geometry of the tube had changed,
measurements of tube diameter were accomplished in three main positions: 60 cm, 124 cm and
190 cm, for each DC level pressure, using a digital paquimeter. Although the diameter preferably
should be measured optically for better accuracy, to guarantee the repeatability of the procedure,
three trials were carried out.
Figure 6.6: Variation of tube diameter with the DC pressure level in the hydraulic
test bench II-B. Each point represents the mean of three trials. A linear fit was made
for each set: 60 cm: y = 0.0042x + 9.8039, R2 = 0.985; 120 cm: y = 0.0043x +
9.7939, R2 = 0.989; 190 cm: y = 0.0043x + 9.806, R2 = 0.990.
The figure 6.6 shows that the tube diameter (and hence cross-sectional area) increases pro-
portionally with DC pressure and increases equally along the three measures positions, which
is evidenced through the high accordance of their best-straight-lines-fittings. As a result of this
geometric effect, the compliance of the latex tube increases and PWV decreases.
In addition to tube diameter, it's very likely that wall thickness has also changed, however
and since it was not possible to dispose of a reliable method to assess it, its influence was not
studied.
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6.1.4 Discussion
In the present section, three programmable test bench systems, capable of generating arbitrary
pressure waveforms that propagate with a certain speed through a tube with finite length, are
characterized. The tube is filled with water since its density (1000 kgm−3) is very close to blood's
density (1060 kgm−3).
The first bench model was not used in prototypes' characterization due to its limitations
regarding the ACT's type, tube length and the reference mechanism for PWV determination.
Nevertheless, this system allowed not only to launch the basis for the development of new methods
for the analysis of the wave travel and reflection principle of pressure waves in elastic tubes but
also to define the best procedures for signal acquisition with the measuring probes.
The second bench model and its iteration were used for the characterization of the first and
second generation of prototypes for local arterial stiffness, respectively. The main difference
between these assemblies is the tube that is based on a different type of material to simulate the
compliance of a human artery. A silicone tube is used in test bench system II and a latex tube is
used in test bench system II-B. In both cases, the tubes' diameter match the value for a common
carotid artery and their thickness are very close to the value indicated for this segment [10].
The results indicate that silicone is superior to latex in its ability to maintain initial geometry,
having a lower compliance than the latter one. This property not only generates high PWV values
(13 - 19 ms−1) but also limitates the range of linear operating range of DC pressures (6 - 60
mmHg). The latex tube, being more compliant, provides lower PWV values (14 - 11 ms−1) and
a wider range of DC pressures (30 - 300 mmHg), adding the possibility of making comparative
measurements between pathological and non-pathological situations. In fact, in the case of test
bench system III, which was developed with the purpose of characterizing ABP/APW prototypes,
a latex tube was preferred to a silicone one, since it can reproduce the range of DBP, SBP and
PP values observed in healthy and hypertensive subjects.
In what concerns PWV, both test bench systems present a higher range than is expected for
this parameter in a healthy human carotid artery 3- 9 ms−1 [20, 123, 142]. Nonetheless, this can
be seen as an advantage, because if the measuring probe has enough temporal resolution in this
range, it will certainly be able to provide accurate measurements in the lower range.
The evaluation of wave propagation and the estimation of DC pressure/PWV range were the
main studies accomplished. However, in future work, other situations could be simulated in order
to replicate important features of the arterial system, such as the augmentation of the pressure
caused by arteries occlusion [57]. Another important adjustment that could be introduced in
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a future version is the use of an optical method for wave velocity determination. Although
the pressure sensors prove to be a good reference method, having a process based on optical
sensors would be preferable due to its mechanical isolation from the test bench and their inherent
characteristics: large bandwidth, DC level response and frequency response suitable to transient
conditions.
6.2 First Generation of Prototypes' Characterization
6.2.1 Impulse Response Determination/ Waveform Analysis
Figure 6.7 illustrates the DP IRs obtained for each one of the PZ sensors. Both profiles are
very similar, showing only a slightly amplitude variation, and very close to the one expected
for a simple differentiator circuit. The results obtained in other trials originated corresponding
images for each PZ, both in shape and amplitude, which led us to conclude that PZ DP IRs are
repeatable.
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Figure 6.7: PZ DP IRs determined for each PZ sensor.
Test bench and human acquisitions were carried out to prove the effectiveness of the deter-
mined IRs and thus the reliability and robustness of the deconvolution method. Figures 6.8 and
6.9 present the results obtained using the referred IRs in deconvolution purposes.
The deconvolution method was used to recover programmed triangular pressure waveforms of
1.5 s, 500 ms and 1 s width at the beginning, middle and end of the tube, respectively (figures 6.8a,
6.8c and 6.8e). In figures 6.8b, 6.8d and 6.8f, the pressure waves determined for each PZ show an
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Figure 6.8: Raw and deconvolved data at different positions of the tube. (a), (c),
(e) Programmed triangular-like pressure waves fed to the ACT. (b), (d), (f) PZ DP
deconvolved signals at positions 10 cm, 100 cm and 194 cm.
evident similarity with the input waves and a high correlation between them, indicating that the
sensors don't interfere with each other nor with the pressure wave that is being propagated. In
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the same figures, the influence of the reflected waves through the occurrence of inflection points
signalled with dots (PZ1) and triangle (PZ2) marks is also noticeable. These marks correspond
to the timing of arrival of the reflected waves for a 36 mmHg DC pressure, that is to say, a wave
velocity of 19.2 ms−1.
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Figure 6.9: Raw (a) and deconvolved (b) signals of a young healthy human carotid
artery. SP - systolic peak; Pi - inflection point; DN- dicrotic notch.
In human carotid trials, although the real arterial pressure waves are not known, the de-
convolved pressure signals are concordant with the profile expected for a healthy young subject
(figure 6.9). The SP and DN are well-defined as well as the influence of the reflected wave (
Point of Inflection (Pi)) that appears after the SP, as an elastic and healthy artery demands [88].
Besides that, it is clear that the SNR of these signals increases considerably due to the noise
elimination effect associated with deconvolution. The best SNR obtained was 66 dB, whereas the
worst was 50 dB and corresponds to the PZ sensor slightly off-centred with the pulsating artery's
optimal acquisition point. Deconvolved signals cannot be quantified in terms of their SNR, since
the ADC of the acquisition system does not have enough resolution.
6.2.2 Crosstalk Analysis
The results achieved in the study of crosstalk effect are illustrated in figures 6.10 and 6.11.
Figures 6.10a and 6.10b demonstrate the inertial mass effect on the IRs obtained for the PZACT
(≡ PZ1) and PZfree (≡ PZ2). The IRs of the PZACT present a typical shape when compared with
the ones previously determined (figure 6.7) and they remain constant in amplitude for both tests.
On the other hand, the inverted shapes obtained for the PZfree increase considerably in amplitude
when the two pieces of metal are attached to the sensor (trial 2). This evidence validates our
conviction that the small IR obtained initially for the free sensor (trial 1) is due to its mass of
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inertia.
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Figure 6.10: Inertial mass effect. (a) PZACT (≡ PZ1) IRs. (b) PZfree (≡ PZ2) IRs.
In trial 1 (dashed black line), the PZfree has no mass attached as opposed to the 2nd
trial (solid black line), where two pieces of metal are bonded to its mushroom PVC
piece.
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Figure 6.11: Crosstalk effect study. PZ DP deconvolved signals.
From the signals illustrated on figure 6.11, the crosstalk effect can be effectively evaluated.
A triangular pressure wave of 1 s width is acquired at the end of the tube by the PZACT , while
PZfree is suspended. When both signals are deconvolved, it is visible that PZACT reproduce a
triangular wave affected by the reflected waves, while PZfree presents a small oscillation that may
be considered negligible.
The results obtained when the same procedures were carried out with the PZ sensors reversed
functions (i.e., PZACT ≡ PZ2 and PZfree ≡ PZ1)) were exactly the same, supporting the idea
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that there is no significant crosstalk effect.
6.2.3 Time Resolution Evaluation
In the first experiment, time delay was determined for two uncoupled PZs (in successively smaller
separation distances (∆x = |xPZa − xPZb|) and for the pressure sensors.
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Figure 6.12: PZ DP time resolution evaluation. (a) PWV values of uncoupled PZs
and pressure sensors (reference), yielded by the three methods. Each point represents
the mean of three trials. (b) Plot of the relative errors for each distance and method.
Figure 6.12 depicts the corresponding PWV results yielded by the three time estimation
algorithms and the relative error associated with each ∆x and method. Only the PWV determined
123
6. Experimental Results and Discussion I 6.2. First Generation of Prototypes’ Characterization
through PZs signals is a function of ∆x; PWV estimated through pressure sensors signals is
independent and assumed as the reference value. In figure 6.12a, it is clear the dependence
between the PWV values estimated for the uncoupled PZs and the distance that separates them.
For ∆x greater than 12 cm, PZs PWV values are close to those obtained with the pressure sensors
and the error doesn't exceed 5 % in the three algorithms. Cross-correlation method has the best
performance since the error is less than 3 %. When ∆x is less than 12 cm, PWV values deviate
from its reference value and there is an increase of error, mainly in the maximum detection
algorithm. The magnitude of the errors for the minimum distances achieved is less than 6 %,
when considering cross-correlation and zero-crossing algorithms. The relative errors average are
for each method 2.12 % (Cross-Correlation), 2.93 % (Zero-Crossing) and 3.40 % (Maxima).
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Figure 6.13: Comparison between PWV measurements obtained through the PZ
DP and the pressure sensors (reference), along 25 different consecutive locations of
the tube.
The results of the last experiment are demonstrated in figure 6.13, where it is possible to
evaluate the dispersion of PWV measurements obtained through the PZ DP and the pressure
sensors, along 25 different consecutive locations of the tube. Each point in the graphic represents
an average PWV value, for a burst of 10 Gaussian pressure waves (400 ms width), delivered
to the system. This value is obtained separating the acquired signals into periods by a sum
slope function for onset detection, estimating time delay for each one and then averaging all the
individual values. Only the cross-correlation algorithm was implemented for time delay estimation
because it presented the best results in the previous experiment. As shown, the PWV distribution
is correlated with the set of corresponding PWV values obtained with pressure sensors. However,
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the dispersion of PWV measurements obtained through the DP is higher when compared to the
one obtained through the pressure sensors. In fact, the referred PWV distributions present a
mean value and a Standard Deviation (STD) of 19.55± 2.02 ms−1 (PZ DP set) and 19.26± 0.04
ms−1 (pressure sensors set) that match up to a relative error of 8.11 %, between the PWV mean
values estimated for the two sets. The Coefficients of Variation (CVs) of the pressure sensor PWV
set and of the PZ DP PWV set are respectively 0.21 % and 10.32 %.
6.2.4 Discussion
In this section, an alternative device for local PWV measurement, based on a double configuration
of PZ sensors positioned 23 mm apart, is proposed and characterized.
The PZ DP exhibits a very good performance on non-hydraulic and hydraulic test bench
systems, once the acquired signals are robust, present a large bandwidth and do not suffer from
crosstalk effect (figure 6.11).
One of the issues that needs to be discussed regarding PZ DP characterization is the use of
its experimentally determined IRs for deconvolution purposes. The use of a linear sweep that is
fed to the ACT and recorded by the probe demonstrates to be a valid, repeatable and robust
technique for IR estimation, being the main problem associated to this process its computational
efficiency. The determined IRs prove to be effective in the study of crosstalk phenomena but also
for deconvolution purposes, as it was possible to recuperate triangular pressure waveforms (and
their reflected waves) at different positions of the hydraulic test bench system II (figure 6.8), as
well as characteristic APWs in the carotid artery of a young healthy subject (figure 6.9), through
PZ DP's output.
The deconvolution demonstrated its usefulness in PZ DP characterization. However, the
encouraging results suggest that it can be used as an alternative method that allows accurate
and trustworthy recovery of the original pressure waveform. In this context, future work must be
done to determine the wide application of this principle to other test bench and in vivo systems,
evaluating the deviation between the recovered profiles and the original ones (reference signals).
The other PZ DP characterization issue concerns its temporal resolution. In the first exper-
iment, the relative error in PWV determination increases as the distance (∆x) between the two
uncoupled PZs decreases. The correlation method has the best performance and its error does
not exceed 6 % when the minimal distance is achieved (∆x = 6 cm). On the other hand, if we
take the mean value for PWV error (2.11 %), calculated with PZ DP for the maximum distance
(∆x = 50 cm) and for all the methods, and compare it with the ones for regional PWV (13-16
%), calculated through standard devices in humans [124], we observe that they are considerable
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divergent. Evidently, the test conditions are different as are the magnitude of the variables; how-
ever this fact emphasizes the idea that the accurate determination of the travelled distance by
the pressure wave is a key parameter in PWV assessment.
Regarding the second experiment, where the dispersion of PZ DP measurements is evaluated,
it is visible that the PWV mean value of this distribution matches the PWV mean value of
the corresponding distribution, obtained by the pressure sensors (figure 6.13), i.e.: ≈ 19 ms−1.
The dispersion of both distributions is still quite different, since the CV of DP distribution is
higher (10.32 %) than that obtained for the pressure sensors (0.21 %). The dispersion of PZ
DP measurements may have its origin in lower statistics, mechanical or algorithmic drawbacks.
In PZ DP, it was assumed that the geometric distance between both PZ sensors is 23 mm (the
real distance between sensor centres), however, since the sensors are not punctual, the effective
distance could be different. In addition, the geometry of the interface ('mushroom' PVC pieces)
could be one of the sources for the precise transmission of pressure waveform existing errors.
Another factor that may contribute to this dispersion is the signal processing algorithm. Although
cross-correlation has demonstrated the best performance in time delay assessment, it is designed
to correlate the full length of the signals (i.e. incident and the reflected waves). It is important
to develop new algorithmic approaches that reduce the effect of these reflected waves, seen as the
main source of time information distortion.
The precision of the developed PZ DP in PWV assessment (CV ≈ 10.0 %), seems to be
inferior to the one obtained in recent studies with ultrasound-based technology (CV ≈ 1.0 %)
[48]. Nevertheless, the direct comparison must be cautious, since the studies present distinct
experimental conditions. In the current study, the PWV is higher (≈ 19 ms−1) than the one
established in the ultrasound phantom (≈ 0.5 ms−1). On the other hand, the signal processing
method used for time delay estimation is also quite different. The present correlation method
includes the contribution of the reflected waves, whereas the one used for ultrasound system
(maximum of the second derivative method) does not. As a result, it is possible that the transition
from the test bench to in vivo measurements could increase the precision of DP, as opposed to
what occurred with the ultrasound based technology [47, 49].
Limitations of the Prototypes/Other Considerations
Based on the good PZ DP's performance at bench models, the natural follow-up of this work
would be to investigate the clinical applicability of the measuring probe through in vivo tests.
Some assessments were accomplished in healthy and with cardiovascular pathology subjects, under
clinical supervision at IIFC. However, various limitations related to the ergonomics of PZ DP and
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the acquisition itself were identified. The data acquisition procedure was simple and depended
on a single operator for probe's positioning and attachment. However, although the PZ DP was
independent of operator's movement, it was sensitive to patient's motion artefacts, caused mostly
by his discomfort. The signals were particularly impaired if the patient had fat accumulated
around its neck and a harder tightening of the collar was needed. For our clinical partners, it was
also very important to have control of the acquisition, so the use of a collar should be suppressed.
The other main limitation was the impossibility of repeatedly acquiring both carotid pressure
waves with similar amplitudes and profiles with PZ DP. This fact was thought to be associated
with the distance between the sensors being too large, so it should be further reduced. The attach-
ment between the interface and the PZ sensor (glue only) was also another observed drawback,
because it was vulnerable to dislodgement or breakage with the increasing number of acquisitions.
The last restraint was related to the signal acquisition itself, more precisely with the visu-
alization, in real-time, of pressure waves. Most of trained operators are acquainted to evaluate
the shape of the arterial pressure waves in its original form, however due to PZs nature the ob-
tained profiles were differentiated in relation to the original waves. Consequently, and in order to
increase the effectiveness of data acquisitions, a signal integration was required.
To surpass the aforementioned limitations and other related ones, a new generation of proto-
types was developed, experimentally characterized and subjected to pre-clinical validation.
6.3 Second Generation of Prototypes' Characterization
6.3.1 Waveform Analysis and Repeatability Studies
In the waveform analysis study, the prototypes' responses for different wave inputs were deter-
mined in two main experiments. Figures 6.14 and 6.15 depict the PZ DP and AP signals obtained
in the first experiment, in which the probes were actuated independently in the non-hydraulic
setup.
The profiles obtained by the PZ sensor and by the microphone are similar to those expected
by a differentiator circuit. However, the PZ sensor's integrated profiles, obtained by electronics,
are more accurate in regards to the input waveforms than the microphone's integrated profiles,
determined by signal processing (using Matlab R© cumsum function).
The RMSEs measurements between the input and the integrated output of each of the sensors
are summarized in table 6.1. In the PZ sensor, the general RMSE between both signals is about
6 %, while in the microphone this value doubles to 12 %.
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Figure 6.14: PZ DP response to different excitation pressure waveforms. (a) Gaus-
sian pulse. (b) Type A cardiac-like pulse. (c) Type B cardiac-like pulse. (d) Type
C cardiac-like pulse. PZ - Piezoelectric 1 Sensor Signal; PZ INT - Integrated PZ 1
Sensor Signal; ACT - Input signal. Each signal represents the mean of three trials.
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Figure 6.15: AP response to different excitation pressure waveforms. (a) Gaussian
pulse. (b) Type A cardiac-like pulse. MIC - Microphone 2 Signal; MIC INT - Inte-
grated microphone signal; ACT - Input signal. Each signal represents the mean of
three trials.
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Figure 6.15: AP response to different excitation pressure waveforms (continuation).
(c) Type B cardiac-like pulse. (d) Type C cardiac-like pulse. MIC - Microphone 2
Signal; MIC INT - Integrated microphone 2 signal; ACT - Input signal. Each signal
represents the mean of three trials.
A high error was predictable for the AP, because the sensitivity of the acoustic sensors (micro-
phones) is reduced for frequencies that are below their 3 dB bandwidth (100 Hz - 10 kHz). Low
frequencies are determinant for the precise reconstruction of pressure waveform, so these acoustic
sensors limit the application of AP in waveform estimation purposes. Nevertheless, this fact does
not disqualify the AP use for its main objective (local PWV estimation), because the method
does not depend on the waveform accuracy.
In what concerns PZ DP, their integrated signals show good concordance with the input
waves, being able to reproduce with enough accuracy the waveform's main characteristic points.
Despite the low RMSE for the Gaussian waveform type of ≈ 3.32 %, in the case of cardiac-
like waveforms, a clear deviation between the integrated PZ signals and the original profiles is
visible after the DN, with a RMSE mean value of ≈ 6.48 %. This final divergence is an intrinsic
Table 6.1: RMSE measurements accomplished in the waveform analysis study. The
second and third columns refer to the RMSE between the signals of figures 6.14 and
6.15, while the last column refers to the RMSE between the signals of figure 6.16.
Waveform Type
RMSE (%)
PZ INT vs. ACT MIC INT vs. ACT PZ vs MIC
Gaussian 3.315 10.254 7.306
Cardiac Type A 5.598 12.338 8.562
Cardiac Type B 5.980 11.923 7.966
Cardiac Type C 7.878 12.098 9.104
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limitation of the integrator circuit, that could be surpassed if other main electronic circuit blocks
were incorporated, namely a peak detector with a timer and an integrator with reset [4].
Figure 6.16 represents the PZ DP and AP signals obtained in the second experiment of the
waveform analysis study, in which the probes were simultaneously actuated. The PZ and acoustic
sensors profiles are well correlated and provide identical information, presenting a RMSE of ≈ 8
% for different types of input waves (table 6.16). Similarly to what was observed in the first
experiment (figure 6.17), the signals acquired by the microphone are time delayed in comparison
with the reference waveforms and the PZ signals. However, this does not constitute a limitation,
since the phenomenon is intrinsic to both acoustic sensors, not interfering with the time delay
between them and therefore with the PWV assessment.
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Figure 6.16: Simultaneous PZ DP and AP responses to different excitation pressure
waveforms. (a) Gaussian pulse. (b) Type A cardiac-like pulse. (c) Type B cardiac-
like pulse. (d) Type C cardiac-like pulse. PZ - Piezoelectric 1 Sensor Signal; MIC -
microphone 1 signal; ACT - Input signal. Each signal represents the mean of three
trials.
Results regarding the repeatability study are shown in table 6.2 and figure 6.17.
The PZ DP exhibits slightly better performance than the AP, with PZ1 and MIC2 having
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the best results. Nevertheless, all the RMSE variance values obtained for each type of sensor are
identically low, with values below 0.15 %.
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Figure 6.17: Graphical representation of the RMSE distribution between the refer-
ence signal and the output of each sensor, obtained in the repeatability test. (a) PZ1
(b) PZ2. (c) MIC1. (d) MIC2.
Table 6.2: Statistics of the measurements obtained in the repeatability test for each
sensor of the PZ DP and AP.
Sensor PZ1 PZ2 MIC1 MIC2
No Acquisitions 50 50 50 50
Mean (%) 0.1814 0.2607 0.3296 0.1977
STD (%) 0.0247 0.0417 0.1310 0.0940
Maximum (%) 0.2570 0.3759 0.6849 0.4609
Minimum (%) 0.1443 0.1917 0.1620 0.0773
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6.3.2 Crosstalk Analysis
The first results achieved for both measuring probes in the study of crosstalk effect are illustrated
in figure 6.18.
The PZ DP and AP actuated sensors present typical profiles, when compared with those
obtained previously in the waveform analysis study. Although similar in shape, the average
signal of the PZACT exhibits much higher amplitude than the average signal of the MICACT .
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Figure 6.18: Crosstalk effect study: average response of both sensors of each probe
to fifty Gaussian independent pulses. (a) PD ZP: PZACT≡ PZ2 and PZfree≡ PZ1.
(b) AP: MICACT≡ MIC2 and MICfree≡ MIC1.
In what concerns the free transducers responses, two different profiles were obtained. The
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PZfree presents a fuzzy profile with several small oscillations while the MICfree presents a clear
profile of much lower amplitude, with an inverse shape to that obtained for the MICACT .
The oscillations of the PZfree signal seem to result from vibrations of the setup during ac-
tuation. However, they may be considered negligible when compared with the PZACT profile
amplitude, evidencing that there is no representative crosstalk effect.
Similarly to what was observed in the first generation of prototypes, the profile of the MICfree
seems to emerge from a mass inertial effect, i.e. from the resistance of the microphone to conserve
its idle state. Since this assumption could not be explored in the present work, a different approach
was used to determine if this effect might interfere with the AP's time delay and consequently
with PWV estimation. For this purpose, both transducers were simultaneously actuated with
three independent Gaussian waves and time delay was calculated using different algorithms. The
results regarding this experiment are presented in table 6.3.
Table 6.3: Time delay values obtained for each algorithm, when both AP's sensors
are simultaneously actuated with three independent Gaussian pulses.
N
Time Delay Estimation Method (s)
cross-
correlation
maximum minimum
zero-
crossing
1 8e-5 0.0134 0.0136 0.0037
2 8e-5 0.0109 0.0142 0.0038
3 8e-5 0.0103 0.0140 0.0035
The time delays obtained for each of the algorithms are very distinct. While maximum, mini-
mum and zero-crossing algorithms present elevated and different time values, the cross-correlation
algorithm exhibits in all the trials the minimum detectable time, i.e. the sampling time (1/12500
Hz).
In order to comprehend the achieved results, the AP's response was also analysed and is
presented in figure 6.19. It is clear that the profiles obtained for each of the transducers are
identical. However, they present important differences in terms of amplitude and peak correspon-
dence, which justifies the high time delays obtained for the algorithms that depend on a fiducial
point. Consequently, with these results there is only evidence that the existence of a potential
transmission between sensors does not affect the time delay when the cross-correlation algorithm
is used.
The results obtained when the same procedures were carried out with the PZ and microphones
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Figure 6.19: Crosstalk effect study: average response of both AP's sensors to a
Gaussian pulse, simultaneously delivered to them.
reversed functions (PD ZP: PZACT≡ PZ1, PZfree≡ PZ2; AP: MICACT≡MIC1, MICfree≡MIC2)
were very similar, supporting the previous analysis.
6.3.3 Time Resolution Evaluation
Two main experiments were performed to evaluate the time resolution of PZ DP and AP.
The first experiment determined the PWV for two uncoupled measuring probes, in successively
smaller separation distances (∆x), and the PWV reference obtained using the pressure sensors
PS1 and PS2 were determined.
The PWV values obtained for each algorithm and ∆x, as well as the relative errors between
the reference PWV and the PWV obtained with the uncoupled transducers are presented in
figures 6.20 and 6.21, respectively for two PZ DPs and APs. The statistics of the measurements
are synthesized in tables 6.4 and 6.5.
In the case of the PZ DPs, the PWV values obtained for the two uncoupled sensors in each ∆x
are below the reference PWV. The exception is the minimum separating distance (2 cm), where
PZs PWV values are overestimated when using the cross-correlation, maximum and zero-crossing
algorithms. Although the relative errors tend to increase as the separating distance between the
sensors decreases, the average of all relative errors is very similar and around 8 % for each method.
The cross-correlation algorithm presents the best performance with an average error of 7.76 %,
as a result of the error decrease for ∆x < 12 cm and the minimum algorithm exhibits the worst
performance with an average error of 8.80 %.
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In the case of the APs, for ∆x > 8 cm, the PWV obtained for the two uncoupled acoustic
sensors are very close to the reference PWV and the error does not exceed 8 % for the four
algorithms. For ∆x ≤ 8 cm, PWV values deviate from its reference and the error increases,
mainly for the minimum detection algorithm. The best general performance is the maximum
algorithm with an average error of 1.8 %, while the worst one is the cross-correlation with an
average error of 4.0 %.
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Figure 6.20: PZ DP's time resolution evaluation. (a) PWV values of uncoupled PZs
and pressure sensors, yielded by four methods. Each point represents the average of
three trials. (b) Plot of the relative errors for each separation distance and method.
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Figure 6.21: AP's time resolution evaluation. (a) PWV values of uncoupled acoustic
sensors and pressure sensors, yielded by four methods. Each point represents the
average of three trials. (b) Plot of the relative errors for each separation distance and
method.
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Table 6.4: Statistics of the measurements obtained in the first experiment of PZ
DP's time resolution evaluation.
Algorithm
PWV (ms−1)
Relative Error
Pressure
Sensors (ref.)
PZ Sensors Average (%)
Maximum 13.837 ± 0.062 12.813 ± 0.709 8.297
Cross-Correlation 13.661 ± 0.053 12.733 ± 0.712 7.756
Zero-Crossing 13.609 ± 0.049 12.580 ± 0.614 8.131
Minimum 13.496 ± 0.057 12.308 ± 0.327 8.801
Table 6.5: Statistics of the measurements obtained in the first experiment of AP's
time resolution evaluation.
Algorithm
PWV (ms−1)
Relative Error
Pressure
Sensors (ref.)
Acoustic
Sensors
Average (%)
Maximum 13.861 ± 0.038 13.837 ± 0.352 1.755
Cross-Correlation 13.723 ± 0.034 13.387 ± 0.556 4.030
Zero-Crossing 13.712 ± 0.030 13.692 ± 0.581 2.716
Minimum 13.552 ± 0.033 13.219 ± 0.603 3.536
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In the second experiment, the dispersions of the PWV measurements obtained by the PZ
DP and AP along twelve positions of the tube were evaluated and are presented, respectively, in
figures 6.22 and 6.23. Each point in the graphic represents an average of two trials, in which a
burst of ten Gaussian pressure waves was delivered to the system.
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Figure 6.22: Comparison between PWV measurements obtained by the PZ DP and
the pressure sensors, along 12 different locations of the tube for a burst of 10 Gaussian
waves of 150 ms width.
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Figure 6.23: Comparison between PWV measurements obtained by the AP and the
pressure sensors, along 12 different locations of the tube for a burst of 10 Gaussian
waves of 400 ms width.
PWV values were determined segmenting the acquired signals into periods, estimating time
delay for each one and then averaging all the individual values. Only the cross-correlation al-
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gorithm was implemented for time delay estimation since it presented the lowest relative error
in PWV measurements for the PZ DP (as analyzed in the previous experiment) and proved not
to be affected by potential crosstalk effect in the AP. It also exhibited a very low error in the
acoustic sensors' PWV assessment for the minimum distance achieved.
For PZ DP and AP, the PWV distributions are correlated with the set of corresponding PWV
values obtained with the pressure sensors. However, the dispersions of PWV measurements
obtained by the measuring probes are higher than their references.
For the PZ DP, the referred PWV distributions present a mean value and a STD of 13.19±1.08
ms−1 (PZ DP set) and 13.91±0.03 ms−1 (pressure sensors set) that correspond to a relative error
of 6.97 % between the PWV mean values estimated for the two sets. The CVs of the pressure
sensor PWV set and of the PZ DP PWV set are respectively 0.21 % and 8.15 %. For the AP, the
referred PWV distributions present a mean value and a STD of 14.46± 0.98 ms−1 (AP set) and
13.29± 0.11 ms−1 (pressure sensors set) that match up to a relative error of 10.26 % between the
PWV mean values estimated for the two sets. The CVs of the pressure sensor PWV set is 0.81 %
and of the AP PWV set is 6.78 %.
6.3.4 In Vivo Measurements
After the experimental characterization of the prototypes, a set of measurements in human carotid
arteries was performed to evaluate their feasibility in in vivo conditions. The characteristics of
the study population are shown in table 6.6.
Table 6.6: Main characteristics of the
study population (n=20).
Variable∗ Mean ± STD
Gender (Female/Male) 20 (11 F/9 M)
Age, years 22.10 ± 1.89
Height, cm 168.05 ± 11.52
Weight, Kg 66.85 ± 17.42
BMI, Kg/m2 23.47 ± 4.65
Waist circumference, cm 75.30 ± 14.70
Brachial SBP, mmHg 113.15 ± 12.51
Brachial DBP, mmHg 69.80 ± 8.13
(Regional) PWV, ms−1 6.69 ± 0.77
∗Variables are presented as mean ± STD.
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The group is comprised of 20 healthy subjects with no documented history of cardiovascular
disorders or diabetes. Their variables ranges are within normal values and are in concordance
with those defined by guidelines recommendations: BMI < 25 Kg/m2, SBP < 140 mmHg, DBP
< 90 mmHg, waist circumference < 90 cm (men) / < 80 cm (women) and regional PWV < 12
ms−1 [121].
An estimation of HR, LVET, DT and local (carotid) PWV was obtained in all subjects using
the two measuring probes. The results are shown in figure 6.24 and table 6.7.
In general, the values obtained using the two probes for the different hemodynamic parameters
are similar, presenting close ranges and means. The PZ DP has a slightly better performance
than AP, since it presents for each parameter a lower STD and CV.
The resulting values for HR, LVET and DT are within the ranges expected for a sample of
healthy individuals [19, 106, 165]. The CVs obtained by the probes for these parameters are also
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Figure 6.24: Hemodynamic parameters assessment in 20 healthy subjects using PZ
DP and AP. (a), (c) Boxplots of HR and LEVT values obtained with each probe. (b),
(d) Mean of HR and LEVT values for each subject and probe type.
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Figure 6.24: Hemodynamic parameters assessment in 20 healthy subjects using PZ
DP and AP (continuation). (e), (g) Boxplots of DT and local PWV values obtained
with each probe. (f), (h) Mean of DT and local PWV values for each subject and
probe type.
Table 6.7: Statistics of the hemodynamic measurements obtained with each probe
in 20 healthy subjects.
Parameter
PZ DP AP
Range (min-max) Mean STD CV (%) Range (min-max) Mean STD CV (%)
HR (bpm) (55.00 - 77.00) 66.10 6.32 9.55 (56.00 - 82.00) 66.90 8.06 12.06
LVET (ms) (256.83 - 319.38) 286.14 18.07 6.32 (255.92 - 324.32) 289.51 21.06 7.28
DT (ms) (423.09 - 806.55) 594.96 105.89 17.80 (434.34 - 848.20) 602.64 117.41 19.48
PWV (ms−1) (2.03 - 4.66) 3.01 0.77 25.73 (2.14 -5.19) 3.05 0.96 31.44
141
6. Experimental Results and Discussion I 6.3. Second Generation of Prototypes’ Characterization
very satisfactory, with values below 20 %.
Regarding the central parameter of this set of measurements, local (carotid) PWV, only
cross-correlation algorithm was implemented, since it presented the best performance in time
delay assessment at test bench characterization. The results are close to those obtained by other
studies whose values vary approximately between 3 ms−1 to 9 ms−1, depending on the age group
[20, 21, 68, 85, 123, 152]. The CV for the AP is higher (31.44 %) than the one of PZ DP (25.73
%) but both can be considered satisfactory.
The correlation and agreement between the local PWV values obtained by each probe were
also investigated and are presented in figure 6.25. The AP PWV is linearly correlated with the
PZ DP PWV, presenting a significant (p < 10−15) and strong positive relationship (R = 0.7608).
A very good agreement between these probes is also evident in the Bland-Altman plot: the mean
difference is very low (0.0391 ms−1) and all the differences between probes' measurements lie
within or on the limits of agreement (lower limit: -1.2074 ms−1 and upper limit: 1.2857 ms−1).
The ICC (intraclass correlation coefficient) was also determined and is equal to 0.859, indicating
that both probes are very consistent relatively to each other from subject to subject.
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Figure 6.25: Correlation and agreement between the local PWV values obtained by
AP and PZ DP. (a) Correlation analysis and achieved scores. (b) Bland-Altman plot
displaying the PWV difference between the two probes as function of the obtained
PWV mean.
In addition to the previous correlation analysis, a similar approach was taken in order to
compare carotid PWV values obtained with each developed probe with carotid-femoral PWV
values determined using Complior device.
The results, illustrated in figure 6.26, demonstrate that the correlations between PZ DP PWV
and AP PWV with Complior PWV are non statistically significant (p > 0.05), presenting negative
and very weak relationships (R = -0.2032 and R= -0.0264, respectively).
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Figure 6.26: Correlation analysis comparing the PWV values obtained by the de-
veloped probes with the ones obtained by Complior device. (a) PZ DP PWV vs
Complior PWV. (b) AP PWV vs Complior PWV.
The magnitude of PWV values obtained using the commercial system are higher than the
values achieved by the developed prototypes, presenting a range between 5 - 8.1 ms−1 and a CV
of 11.44 % (table 6.6).
6.3.5 Discussion
In this section, the experimental characterization and in vivo feasibility of the second generation
of prototypes are discussed.
The prototypes are based on two alternative measuring probes for local PWV measurement,
PZ DP and AP, whose configurations consist of a double head of PZ and acoustic sensors posi-
tioned, respectively, 15 mm and 11 mm apart.
The PZ DP and AP experimental characterization was accomplished in four main studies:
1) waveform and 2) repeatability analysis, 3) crosstalk effect examination and 4) time resolution
evaluation.
The results of the first study show the superiority of the PZ in the precise rendering of the input
waveforms vis-à-vis the microphone (table 6.1). Due to the reduced sensitivity of the microphone
to low frequencies (< 100 Hz), it is not possible to recover the original waveform by signal
processing integration. On the other hand, the PZ reproduces the general profile of the four types
of waves with a RMSE between 3 % - 8 %, when using a local conditioning integrator circuit.
Although the PZ measured errors are low for visualization purposes, they may be unsuitable
for some parameters assessment which depends on the reliability of the integrated waveforms.
Therefore, only PZ DP and AP differentiated signals were further used for hemodynamic indices
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extraction.
When the sensors of both probes are simultaneously actuated, the two types of differentiated
signals have a good correlation between them, but present a slight time delay and a RMSE
between 7 % - 9 % for the different input waves (figure 6.16). Nevertheless, these particularities
do not invalidate the probes for its main purpose (local PWV estimation), since the method is
applied to the same class of sensors and does not depend on the waveform type.
Regarding the second study, it is possible to conclude favourably towards the reliability and
repeatability of PZ DP and AP, since the sensors' responses of each probe present very low mean
and variance values when actuated repeatedly (figure 6.2 and table 6.17).
In the third study, the PZ DP sensors demonstrate not to suffer from crosstalk effect (figure
6.18a). The signal obtained by each actuated sensor exhibits a typical Gaussian differentiated
profile with a good SNR, while each free sensor shows small oscillations that can be considered
insignificant due to their shape and very low amplitude. In the case of AP, the first results were
inconclusive in what concerns the existence of crosstalk (figure 6.18b). Although the obtained
profiles seem to result from an inertial mass phenomenon (profile of each free microphone has
an inverse shape relatively to each actuated one), this assumption could not be explored in the
present work and will be the aim of further studies.
An additional experiment was performed in this context and the obtained results show that
the existence of potential crosstalk effect between the acoustic sensors does not interfere with
time delay estimation when cross correlation algorithm is used. Although for this algorithm
time delay values match the minimum detectable time, the obtained values are much higher
for the maximum, minimum and zero-crossing algorithms when both sensors are simultaneously
actuated. The most likely explanation for these discrepant values is related to the difficulty
level of the experiment. In figure 6.19, the maxima and the minima points of the signals do
not agree in time and amplitude, suggesting that the transmission of the pressure wave to each
microphone was deficient and, as a result, wave profiles and their time delay were affected. It
is extremely important that the simultaneous actuation of both transducers is made rigorously
under the same conditions, otherwise time delay algorithms that depend only on a fiducial point
are more susceptible to error. As future work, a high statistical number of experiments under
similar conditions should be performed, in order support the previous results.
In the fourth study, probes' temporal resolution was evaluated in two different experiments.
In the first one, the two APs exhibit slightly better performance than the PZ DPs. The two
uncoupled acoustic sensors present a smaller relative error than the two uncoupled PZ sensors for
each ∆x and method. Nevertheless, for each type of uncoupled transducers (measuring probes)
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there is an evident dependence between the PWV values and the distance that separates them. For
both devices, an increase of the relative error in PWV measurements is visible as the separating
distance between the uncoupled sensors decreases, namely for ∆x < 10 cm. For PZ DPs, the
magnitude of the errors for the minimum distance achieved (2 cm) is 5 % and 9 %, respectively,
for the maximum and the cross-correlation algorithms, while for the APs it is less than 1 % when
considering cross-correlation and zero-crossing algorithms.
In the second experiment of time resolution assessment, the PWV mean value of PZ DP
distribution underestimates its reference PWV mean value exhibiting a relative error average of
6.97 % (figure 6.22), while AP distribution overestimates it, presenting a slight high error of 10.26
% (figure 6.23). In general, the measuring probes present good performance in PWV assessment,
however, the dispersion of both distributions compared to the ones obtained by their reference
sets is quite distinct. PZ DP and AP PWV distributions show higher CV values (8.15 % and 6.78
%, respectively) than those given by the pressure sensors, whose CV values are below 1 %. This
dispersion of PZ DP and AP PWV sets may derive from the error sources already discussed in
section 7.2.4, which are related to lower statistics, mechanics or acquisition/algorithmic features.
The sensors of the two probes are not punctual, so the effective distance between them can be
different and affect PWV estimation. Besides, the sampling rate (5 kHz) used in this experiment
could also be inadequate. Although the sampling time is lower (2 x 10−4 s) than time resolution
(7 x 10−4 s), when PWV is ≈ 14 ms−1 and the distance is around 1 cm, the ability to distinguish
between two points would increase with a higher sampling rate. As a result, in in vivo acquisitions
this value was set to 12.5 kHz. Similarly to what happened in the first generation of prototypes,
only the cross-correlation algorithm was implemented, due to the good results in the previous
experiment (for the PZ DP) and in the crosstalk study (for the AP). Nonetheless, it's important
to point out that when using this algorithm an error in the calculation of the PWV might be
caused by the reflected waves generated at the tube's extremities, that are also taken into account.
Additionally to the bench experiments, in vivo tests were performed in 20 healthy subjects
with the PZ DP and AP. The signals acquired in human carotid arteries present a good bandwidth
and SNR, allowing the application of several algorithms that extract clinically relevant time-based
parameters, such as HR, LVET, DT and local PWV. Hemodynamic parameters that require the
determination of fiducial points amplitudes such as AIx, SEVR or dP/dt were not calculated,
because the measuring probes present some restraints in reproducing accurately the APW, namely
the AP. In future work, it is intended to improve the ability of the PZ DP in APW rendering
through the incorporation of additional electronic blocks in the circuitry that have already proved
to be effective in the achievement of this purpose, with an error less than 2 % [4].
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In this first pre-clinical validation trial, the probes performed well for the different parameters,
presenting approximate ranges and strong correlations between AP and PZ DP values (figure
6.25 and table 6.4). Special attention was given to carotid PWV due to its relevance in local
hemodynamics (stiffness) assessment. PZ DP presents an inferior STD and CV relatively to AP
but the carotid PWV values, obtained by each probe, show a good agreement and consistency
from subject to subject. Since there is no gold standard for local stiffness measurement, the
accuracy of local PWV was explored by comparing the obtained results with some reference
studies with a study population similar to this work.
The results obtained with PZ DP (3.01 ± 0.77 ms−1) and AP (3.05 ± 0.96 ms−1) are lower
than those measured by Borlotti et al. [20], Di Lascio et al. [32], Hermeling et al. [47] and Li
et al. [70] which reported values, respectively, of 4.03 ± 1.64 ms−1 in 1774 healthy subjects of
45.8 ± 6 years, 5.64 ± 1.69 ms−1 in 97 subjects aged 50.5 ± 19.6 years, 5.0 ± 0.7 ms−1 in 12
young subjects of 26 ± 4 years and 5.20 ± 1.22 ms−1 in 162 young subjects aged 49 ± 17 years.
Nevertheless, our results are quite similar to the one of Santos el al. [131] in a cohort of 131 young
healthy subjects of 22.6 ± 5.3 years which obtained a PWV mean value of 3.33 ± 0.72 ms−1.
The main explanation for the previous results is based exactly on the fact that local PWV is an
age dependent parameter. For the former studies the average ages of the study populations are
beyond the one of our sample (22.6 ± 5.3 years), however for the latter study they match exactly
the same average value which justifies the consistency of values.
Regarding the values obtained for carotid PWV, another significant aspect that should also
be taken into account is the algorithmic approach that was applied. As previously mentioned,
the reference wave's segment used in PTT determination is very important and should preferably
not be influenced by any reflection phenomena. However, in this study (as well as in the study of
Santos el al. [131]), the full length of the signals was considered, due to the good results obtained
by the cross-correlation algorithm in test bench conditions. As future work, other algorithms
for PTT estimation, based on pressure wave's characteristic points or other stable points, should
be investigated. Points such as the maximum and the minimum of dP/dt, SP or DN will be
preferred, since early reflection waves in carotid arteries have already proved to hinder wave's
foot identification [49].
The last relevant aspect that must be discussed regarding PWV is the weak correlation be-
tween the values obtained with the measuring probes and with the Complior device. Although the
analyzed subjects are healthier and a high elasticity of the arteries is presumed, the magnitude
of the PZ DP and AP PWV values are lower than the Complior PWV values. The reason for
this fact is the different natures of assessment. PZ DP and AP are based on a local measure-
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ment (carotid) while Complior is based on a regional evaluation (carotid-femoral). As described
in chapter 2, lower values for PWV are expected in the aorta and other large arteries than in
peripheral arteries, such as the femoral. On the other hand, it is foreseen that this correlation will
become stronger as a higher number of subjects, with a broader range of ages and pathologies, is
included in this study. In this scenario, both local and regional PWVs shall expectedly increase.
In order to overcome the main limitation of this study (i.e. small and homogeneous popula-
tion), the validation trials using PZ DP and AP are still ongoing at the two clinical units (IIFC
and ESTESC) to assess local PWV and other hemodynamic parameters in a significant number
of subjects. As a result, data analysis will be extended to these patients with the intention to
discriminate differences between ages and healthy/non-healthy groups.
6.4 Conclusive Remarks
In this chapter, the effectiveness of two generations of prototypes for local arterial stiffness as-
sessment and of their special feature-extracting algorithms was demonstrated.
The prototypes, based on new double configurations of PZ or acoustic sensors, were specifi-
cally designed to assess local PWV and other time-based hemodynamic parameters in one single
location. The probes were successfully characterized in special purpose test bench systems, whose
performances were also evaluated. The bench systems proved to be capable of generating complex
pressure waveforms under program control and of emulating the dynamics of the arterial system,
namely the wave travel and reflection phenomenon.
Regarding the first generation of prototypes, the developed PZ DP performed well for the
different experiments at the bench-top systems and its signals presented large bandwidth and did
not suffer from crosstalk effect. The possibility of recovering the APW through the deconvolu-
tion method either on the test bench system or when adapted to human carotid artery yielded
encouraging results and should be pursued up in future studies.
It is also possible to conclude favourably towards the effectiveness of measuring local PWV in
test bench experiments, by means of PZ DP. Using the cross correlation algorithm for time delay
estimation, PWV values around ≈ 19 ms−1 were determined with good accuracy by the DP with
a relative error of ≈ 8 %.
Although preliminary studies to validate the clinical applicability of PZ DP were initiated,
some design and signal acquisition drawbacks were observed and a new generation of prototypes
were developed, designed and characterized.
The efficiency of the second generation of prototypes, composed by an upgraded version of
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the PZ DP and a AP, was demonstrated in bench and in vivo experiments. The new PZ DP was
able to reproduce wave pressure profiles with enough accuracy and its signals were repeatable and
did not suffer from crosstalk effect. The AP was inadequate for waveform estimation purposes
due to its reduced sensitivity to low frequencies, but the results showed that their signals are
also repeatable and crosstalk effect does not interfere with its time resolution when the cross-
correlation for time delay estimation is used.
The novel probes presented good accuracy in time resolution experiments on elastic tubes at
the test bench. Cross-correlation algorithm exhibited the capability of measuring higher PWV
(≈ 14 ms−1) with an error and CV less than 7 % and 9 % when using the PZ DP and less than
10.5 % and 7 % through the AP.
The results taken at the carotid site of a set of healthy subjects are in agreement with other
reference studies and lead to believe that the measuring probes have the potential to be used as
local PWV stand-alone devices.
As future work, the medical oriented in vivo tests will continue in a significant number of
subjects in order to validate the clinical usefulness of the prototypes. Alternative algorithmic
approaches to yielding local PWV and other indexes from the probe's output will also be imple-
mented.
148
CHAPTER7
Experimental Results and Discussion II:
Arterial Pressure and Waveform Estimation
This chapter, divided into three main sections, presents and discusses the most important experi-
mental results achieved in the characterization of the instrumentation for ABP/APW estimation.
The first and second sections focus on the results obtained, respectively, with the prototypes C4
and C10 regarding pressure waveform reproduction and calibration, both in test-bench and in vivo
conditions. In the second section, special emphasis is also given to the results obtained in the
electrical resonance determination of prototype C10. The last section summarizes the main con-
tributions of the work carried out under the present subject.
7.1 Prototype C4
7.1.1 Waveform Analysis
In the waveform analysis study, the morphology of the pressure waves that propagate through a
fluid confined in an elastic tube was investigated.
Figure 7.1 illustrates one set of signals, obtained with prototype C4 at the end of the latex tube
filled with water, comprised of three accelerometric amplitude-modulated carriers (a, b, c) and the
manometer reference signal, d. The signal c is the modulated carrier sensed by the accelerometer
axis aligned with the direction of the tube wall movement, corresponding to z-direction. The other
two modulated carriers signals (a, b) are sensed by the accelerometer axes orthogonally lined up
with the direction of the tube wall movement, matching x- and y-directions.
To get the original information-bearing signals from the carriers, two different demodulation
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Figure 7.1: Signals acquired with prototype C4 in the hydraulic test bench system
III (acquisition A1). (a) Amplitude-modulated carrier in x-direction, a, and manome-
ter signal, ref . (b) Amplitude-modulated carrier in y-direction, b, and manometer
signal, ref . (c) Amplitude-modulated carrier in z-direction, c, and manometer signal,
ref .
algorithms were applied.
The upper and lower profiles extracted using the EDA are presented in figure 7.2 and the time
profiles recovered using the PDA are depicted in figure 7.3. Independently of the used algorithm,
an implicit similarity between the profiles obtained from the carrier aligned with the direction of
the tube wall movement and the original modulating signal (manometer signal) is visible.
Using the extracted profiles, different methods were tested to assess the pulse wave's morphol-
ogy.
The waveform invasively measured with the manometer and the waveforms non-invasively
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Figure 7.2: Comparison between the demodulated signals recovered using the EDA
and the original modulating signal (reference). (a) Upper (a1, b1, c1) and lower pro-
files (a2, b2, c2) computed from the accelerometric signals presented in figure 8.1 and
reference profile. (b) Waveform obtained using the MDIFmov and reference waveform.
(c) Waveform obtained using the MTOTa and reference waveform. (d) Waveforms
obtained using the MUPmov and the MLPmov and reference waveform.
obtained with the apparatus, using one or several profiles, are represented in the aforementioned
7.2 and 7.3 figures. The waveforms were subjected to a normalization process, to allow their com-
parison. The RMSE measurements between the reference waveform and the various waveforms,
estimated in this case study and in other acquisitions, are summarized in table 7.1.
For this data set (acquisition A1) the different methods show the capability of rendering the
original pressure waveform with good accuracy. Nevertheless, the EDA demonstrates a superior
performance than the PDA, with RMSE values below 3.7 %. The three methods with highest
accuracy results are: the MLPmov, the MUPmov and the MDIFmov with values of 1.968 %, 2.636
% and 3.407 %, respectively.
The results obtained in the other acquisitions (table 7.1, A2 to A12) show a slight increase in
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Figure 7.3: Comparison between the demodulated signals attained using the PDA
and the original modulating signal (reference). (a) Time profiles (a3, b3, c3) com-
puted from the accelerometric signals presented in figure 8.1 and reference profile.
(b) Waveform obtained using the MTPmov and reference waveform. (c) Waveform
obtained using the MTOTb and reference waveform.
the error. However, it never exceeds 5 % in each data set, when considering the three methods
with the best efficieny.
In terms of RMSE, the methods with best general performance are the MDIFmov, followed by
the MLPmov and the MTPmov. The methods based on the computation of the total profiles (i.e.
MTOTa and MTOTb) and the MLPmov present the worst performances. On the other hand, the
MDIFmov is also the most consistent method, exhibiting the lowest CV value (21.161 %).
The waveforms obtained in the remaining acquisitions for each demodulation algorithm and
wave morphology extracting method are shown in Appendix B - section B.1 (figures B.1 to B.10).
152
7. Experimental Results and Discussion II 7.1. Prototype C4
Table 7.1: RMSE measurements accomplished in waveform analysis study with
prototype C4 for each acquisition and demodulation algorithm/method. The best
results for each data set are in bold type.
Acquisition
EDA RMSE (%) PDA RMSE (%)
MDIFmov MTOTa MUPmov MLPmov MTPmov MTOTb
A1 2.636 3.674 3.407 1.968 3.849 4.535
A2 3.694 6.351 4.421 3.093 6.482 8.260
A3 4.215 5.871 4.077 4.332 5.177 5.277
A4 3.214 3.784 4.139 2.352 3.648 4.450
A5 4.930 6.973 6.183 3.750 4.601 5.911
A6 2.498 3.963 3.144 2.002 6.009 7.106
A7 3.109 8.752 3.925 2.560 3.720 6.401
A8 2.867 4.807 2.701 3.331 3.127 4.214
A9 2.998 3.353 7.835 6.650 4.497 4.639
A10 3.349 3.771 7.112 4.492 3.181 3.285
A11 3.367 3.576 9.102 8.004 2.665 2.724
Mean 3.352 4.989 5.095 3.867 4.269 5.164
STD 0.709 1.765 2.121 1.439 1.155 1.508
CV 21.161 35.381 41.624 50.051 28.534 31.836
7.1.2 Waveform Calibration
In this study, a set of calibration curves was determined on the hydraulic test bench system III
in order to quantify the pulse waveforms in pressure units (mmHg).
Figure 7.4a illustrates the curves obtained using the signals of acquisition A1 and their best-
fitting lines. A linear relationship is visible between the pressure exerted by the water in the latex
tube walls and the acceleration obtained for the different wave morphology extracting methods,
when the sensing probe is in mechanical contact with the tube. Due to the good results obtained
in the previous study, only the methods that employ the profiles extracted with the EDA were
investigated.
The calibrated pressure waveforms, resultant from the computation of the acceleration wave-
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Figure 7.4: Calibration method of prototype C4 for pressure waveform quantifica-
tion. (a) Calibration curves obtained using the signals of acquisition A1 with their
best-straight-line-fittings. (b) Calibration of the waveforms obtained in acquisition
A1 for each wave morphology extracting method.
forms obtained in acquisition A1 and the calibration curves, are presented in figure 7.4b.
As shown in table 7.2, the RMSEs between the estimated and the measured (reference) water
pressures inside the tube are low, with values under 3 % for each wave morphology extracting
method.
Subsequently, to truly investigate the validity of the calibration method, the equations derived
from the linear fitting of the curves were used to calibrate other acceleration waveforms obtained
with prototype C4 in similar bench conditions.
Figure 7.5 illustrates the calibrated pressure waveforms, in mmHg, for the signals obtained in
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Figure 7.5: Pressure waveforms obtained with prototype C4, using the calibration
curves presented in figure 7.4a for each wave morphology extracting method and ob-
tained with a manometer (reference). (a) Pressure waveforms obtained in acquisition
A2. (b) Pressure waveforms obtained in acquisition A5. (c) Pressure waveforms ob-
tained in acquisition A6. (d) Pressure waveforms obtained in acquisition A7. (e)
Pressure waveforms obtained in acquisition A8. (f) Pressure waveforms obtained in
acquisition A10.
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different acquisitions and table 7.2 reports the RMSEs between the estimated and the reference
pressure waveforms.
Results show that the water pressure inside the latex tube may be estimated with good
accuracy in data sets A2, A5 and A6, with RMSE values below 10 % for MDIFmov or MLPmov.
Contrarily, the remaining acquisitions A7, A8 and A10 exhibit significant disparities between the
estimated and the measured water pressures and hence, elevated RMSE values for all the applied
methods.
Table 7.2: RMSE measurements between the reference and the calibrated pressure
waveforms for each wave morphology extracting method.
Data Set
RMSE (%)
(AN ) MDIFmov MTOTa MUPmov MLPmov
A1 2.048 2.912 2.485 1.676
A2 5.696 13.581 6.530 4.883
A5 3.295 4.521 4.304 2.377
A6 9.014 16.865 10.587 7.469
A7 15.640 22.937 14.932 16.369
A8 19.071 25.027 17.831 20.360
A10 60.442 48.295 66.047 56.620
Further analysis based on the attenuation that occurred when the probe compressed the tube
walls was made in order to interpret these differences. In table 7.3, the peak-to-peak amplitude
of the modulated carriers obtained in each acquisition and their deviation from the calibration
data set are displayed.
The amplitude of the modulated carriers varies for each axis, however the maximum amplitude
values are assessed in the direction of tube wall movement, i.e. z-axis, as a result of its alignment
with the PZ's (vibrator) operation.
A dependence between the amplitude deviations in z-direction and the RMSEs obtained is
noticeable. The data sets with lower RMSE values (A2, A5 and A6) present moderate amplitude
deviations (39 mg < |∆A| < 150 mg), in opposition to data sets with higher RMSE values (A7, A8
and A10) that show considerable deviations (320 mg < |∆A| < 650 mg) regarding the amplitude
measured in z-direction of the calibration data set A1.
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The data set A5 presents the lowest RMSEs and also the narrowest amplitude deviation
relatively to the amplitude measured in the z-direction of the data set A1.
For positive deviations the pressure is overestimated and for negative deviations the pressure
is underestimated.
Table 7.3: Peak-to-peak amplitude of the modulated carriers obtained for each acquisition
and their deviation from the calibration data set, identified in bold type.
Data Set
Carriers Amplitude1 (g) ∆ Carriers Amplitude2 (g)
(AN ) x y z x y z
A1 0.430 0.562 2.320 - - -
A2 0.277 0.494 2.236 0.153 0.068 0.084
A5 0.384 0.571 2.283 0.046 -0.009 0.040
A6 0.287 0.515 2.175 0.143 0.047 0.145
A7 0.433 0.571 1.990 -0.003 -0.009 0.330
A8 0.347 0.565 1.998 0.083 -0.003 0.322
A10 0.558 0.230 2.963 -0.128 0.332 -0.643
1 Peak-to-peak amplitude measured at the starting point of the modulated carrier, when the probe
is in contact with the tube wall.
2 Represented as ∆A.
7.1.3 In Vivo Studies
A set of measurements in a healthy subject were carried out to evaluate the efficiency of the
prototype in in vivo conditions.
Figure 7.6 depicts an acquisition in a human carotid artery using the measuring probe C4 dur-
ing several cardiac cycles. The signals obtained are composed of three accelerometric amplitude-
modulated carriers (a, b, c). (a, b) are sensed by the accelerometer axes orthogonally lined up with
the direction of the vessel wall movement while (c) is sensed by the accelerometer axis aligned
with the direction of the vessel wall movement.
The upper (a1, b1, c1) and lower profiles (a2, b2, c2) extracted from each modulated carrier
are represented in figure 7.6d. Only the EDA was implemented for amplitude demodulation, due
to the good results and robustness verified in bench tests. Consequently, the four characteristic
methods (MDIFmov, MTOT1, MUPmov and MLPmov) were used to assess APW.
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Figure 7.6: Signals acquired with prototype C4 in a healthy human carotid artery.
(a) Amplitude-modulated carrier in x-direction, a. (b) Amplitude-modulated car-
rier in y-direction, b. (c) Amplitude-modulated carrier in z-direction, c. (d) Upper
(a1, b1, c1) and lower profiles (a2, b2, c2) computed from the accelerometric signals
using the EDA.
The APWs obtained for each approach are shown in figure 7.7 as well as their ABP values
estimated by linear interpolation.
The APWs were calibrated using the set of curves illustrated in figure 7.8. These curves were
previously determined in the hydraulic test bench system III for the different wave morphology
extracting methods and show an identical z-direction attenuation to the one achieved in this
acquisition (modulated carrier amplitude, A ≈ 1.4 g).
The APWs obtained for the different methods are very much alike and are in agreement with
the morphology expected for a healthy carotid pressure waveform [67, 91, 136], where prominent
points such as SP, Pi or DN are clear-cut. A baseline drift in pulses waveforms is also visible as a
result of the subject's natural movements (breathing) or small motions of the probe induced by
operator's handling.
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Figure 7.7: Calibrated APWs resultant from the computation of acceleration wave-
forms obtained with different wave morphology extracting methods and the adequate
calibration curve. (a) Carotid blood pressure obtained with the MUPmov and the
MLPmov. (b) Carotid blood pressure obtained with the MDIFmov. (c) Carotid blood
pressure obtained with the MTOTa. (d) One calibrated APW and its main prominent
points.
Table 7.4: Statistics of the ABP measurements obtained in a young healthy subject
with prototype C4 for each wave morphology extracting method.
Method
SBP (mmHg) DBP (mmHg) PP (mmHg)
Mean STD Mean STD Mean STD
MDIFmov 110.010 2.330 83.540 1.635 27.469 2.027
MTOTa 108.509 2.140 82.489 1.491 26.020 1.895
MUPmov 103.801 2.507 80.501 1.823 23.300 2.209
MLPmov 111.913 2.483 78.887 1.647 33.026 2.025
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Figure 7.8: Calibration curves used in in vivo studies and obtained experimentally
in hydraulic test bench system III for different wave morphology extracting methods.
The results regarding ABP measurements are shown in table 7.4.
The SBP, DBP and PP values obtained for the different methods present similar means and
are within or somewhat below the range of central pressure values assessed by other studies in
young normotensive subjects [59, 83, 89, 151].
The CVs obtained for each parameter and method are also very satisfactory, with values below
2.5 % for SBP and DBP and 10 % for PP.
Additionally to the methods used for APW/ABP assessment, another approach using the
extracted profiles was tested. Figure 7.9 displays the wave profile obtained using the sum between
upper and lower profiles in z-direction, MSUMmov.
A low amplitude pattern, corresponding to the mean baseline fluctuations of the accelerometric
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Figure 7.9: Wave profile obtained using the MSUMmov.
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data, is perceptible. Although further studies are necessary, these variations seem to embody the
wall acceleration waveform itself along with potential operator or patient's artifacts generated
during acquisition.
7.1.4 Discussion
An alternative electromechanical dual-sensor probe, based on a vibrator-accelerometer combina-
tion and an original method for the continuous non-invasive assessment of the APW and ABP
are introduced and validated in this section.
The method relies on the amplitude modulation effect that occurs when the fluid (blood)
pressure transmitted through the tube (vessel) wall attenuates the vibrator oscillations, sensed
by the accelerometer.
The feasibility of the proposed prototype and method was evaluated in the hydraulic test
bench system III and in a young healthy subject. Although this is a limited sample, which needs
to be increased in further studies, it was considered enough to pinpoint any eventual limitations
of the prototype in in vivo conditions.
The results obtained in the first study demonstrate the effectiveness of the EDA and the PDA
in the demodulation process. The profiles (modulating signals) of each amplitude-modulated
carrier were successfully extracted in the working test setup for different acquisitions (figures 7.2,
7.3 and B.1 to B.10 - Appendix B, section B.1). The results also show the capability of precisely
rendering the pressure waveform using different methods based on one or several profiles (table
7.1). The method that uses the difference between the upper and lower profiles in the direction
of the wall movement (z-direction), MDIFmov, is the most robust and accurate, revealing a CV
of 21.2 % and an average RMSE of 3.35 % between the estimated waveforms and the reference
pressure waveforms, acquired invasively with a manometer. The other methods are slightly less
exact and consistent, since they present either higher RMSE or CV values. Nonetheless, in
terms of RMSE, the method that uses the lower profile in z-direction, MLPmov, exhibits a good
performance with an average value of 3.85 %, followed by the time profile in z-direction method,
MTPmov and the upper profile in z-direction method, MUPmov, with values of 4.27 % and 4.99 %,
respectively. Concerning the CV, the best performances correspond to the methods that employ
the various profiles extracted using each demodulation algorithm, MTOTa and MTOTb and also
MTPmov, showing values of 35.4 %, 31.8 % and 28.5 %, respectively.
In the second study, a set of calibration curves were generated in test bench conditions using
the signals obtained in one data set. As can be seen in figure 7.4, the dependence between
the acceleration values obtained for different wave morphology extracting methods and the fluid
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pressure inside the tube is described by a linear curve fitting with a correlation coefficient above
0.99 (for each method). These straight-line equations are efficient in quantifying the pressure
waveforms obtained in other acquisitions, when the amplitude of the modulated carrier in the
direction of the tube wall movement is similar to that of the calibration data set (figures 7.5a,
7.5b and 7.5c). However, if the amplitude of the modulated carrier in the direction of tube wall
movement deviates from that obtained in its calibration set, then a high RMSE between the
estimated and the reference pressure values is visible (figures 7.5d, 7.5e and 7.5f).
A linear calibration scheme was also applied to the signals obtained in the carotid of a healthy
subject, in such a way that the amplitude of the modulated carrier in the z-axis (direction of
vessel movement) was similar in both the calibration set and the acquired signals. Although the
main limitation of this study is the lack of reference measurements, the calibration curves perform
well, since the values estimated for SBP, DBP and PP are within the ranges obtained by other
reference studies [59, 83, 89, 151].
It is clear from the experimental and in vivo results that the efficacy of the calibration method
depends mostly on the attenuation that occurs when the probe applanates the tube (vessel) wall.
As a result, it is crucial to guarantee a predetermined and steady amplitude of the modulated
carriers, in order to get a valid calibration.
Presently, the probe does not have any mechanism to limit the attenuation, so the process
strictly depends on the operator's ability to exert a constant force on the vessel wall. This
operation may not be easy, requiring moderate or high technical expertise from the operator.
One way to get unaltered acquisition conditions would be to rearrange the probe's mechanical
structure and include an internal mechanism, based for example on a force sensor, that limits the
attenuation (resulting from the contact pressure) when it is adjacent to the vessel wall. Another
solution might be to modify the calibration procedure so it can be independent from the operator
and the force that he exerts on the vessel wall.
A final aspect that must also be discussed is the consistency of the APW obtained in the
in vivo studies. As shown in figure 7.7, the wave pattern is similar for each method, presenting
a low morphology variance. The identification of the prominent points in the APW, required
for example in AIx studies [3], can also be reliably accomplished by this probe (figure 7.7d),
demonstrating its potential as a valid alternative to waveform classification and morphology
analysis devices.
Limitations of the Prototypes/Other Considerations
Throughout the characterization process of the prototype C4, a few limitations regarding the
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probe's mechanics and electronics were identified.
Although good results were obtained in test bench and in humans, under certain circum-
stances an ineffective transmission of the pressure wave to the sensing unit was observed. The
configuration and the positioning of the mechanical interface, the dimensions of the enclosure and
the use of a semi-rigid bed (foam) for the PCB's support were considered the main sources of
error, thus requiring further technical adjustments.
The arrangement of the PCB and the physical attachment of the PZ to it were also seen
as limiting factors to the unit's vibration. In order to maximize the mechanical vibrations of
the apparatus (and hence its sensitivity), another probe's design and PZ's foot holder structure
should be attempted.
The last constraint was related to the accelerometer itself. Although the KXR94-2283 could
measure linear accelerations in the x, y, and z directions with good sensitivity and low noise
density, its bandwidth (typical 800 Hz) was particularly limited for modulation purposes. In
this process, higher carrier frequencies should be investigated, so an accelerometer with a wider
bandwidth should be used instead.
To surpass these limitations and other related (e.g. calibration process efficiency), a new
prototype was developed and tested.
7.2 Prototype C10
7.2.1 Resonance Analysis
In this study, two approaches based on different excitation signals were used to measure the
resonance of prototype C10. In both cases, only the frequency response of the accelerometer
dominant axis, i.e. the one that matches PZ vibration direction, was analyzed.
Figure 7.10 represents the results obtained in the first approach, where the sensing unit (PZ)
was excited with a linear chirp signal from 1 kHz to 10 kHz. Figure 7.10a shows the frequency
response of the x-axis accelerometer (after DC removal) and figure 7.10b depicts the upper profile
of this response, extracted using the envelope detector algorithm.
Figure 7.11 illustrates the results obtained in the second approach, where the measuring
probe was excited with a pulse of 40 ms. Figure 7.11a depicts the time domain signal of the
x-axis accelerometer to the pulse's rising edge (after DC removal) and figure 7.11b shows the
FFT transformed frequency domain spectrum.
A very good agreement between the frequency responses obtained by each method is observed
and several peaks can be distinguished (letters A, B, C, D, E, F , G in figures 7.10b and 7.11b).
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Each peak represents a resonant frequency of the sensing tip, however the maximum amplitude
and hence the maximum sensitivity is only achieved in one of those frequencies.
In table 7.5, the frequency of each peak is summarized for three different data sets. The
frequency values obtained for each method and data set are very close when considering the same
peak. The main resonance frequency (identified as F ) occurs at 4689 Hz and 4675 Hz for the
chirp and pulse excitation methods, respectively.
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Figure 7.10: Resonant frequency determination of the measuring probe C10 using
a linear sweep from 1 kHz to 10 kHz. (a) Frequency response of the accelerometer
x-axis. (b) Upper envelope computed from the x-axis signal.
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Figure 7.11: Resonant frequency determination of the measuring probe C10 using
a pulse of 40 ms width. (a) Time response of the accelerometer x-axis to the pulse's
rising edge. (b) Frequency response of the accelerometer x-axis to the pulse's rising
edge.
7.2.2 Waveform Analysis
In this study, the capability of estimating the pulse morphology in test bench and in in vivo con-
ditions using prototype C10 was analyzed. The corresponding results are presented in subsections
7.2.2.1 and 7.2.2.2.
7.2.2.1 Test Bench Studies
Figure 7.12 depicts one set of signals comprised of three amplitude-modulated carriers acquired
with prototype C10 at the hydraulic test bench system III. The first modulated carrier signal
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Table 7.5: Resonant frequencies measured in prototype C10 using two different
methods. The main resonant frequency is identified in bold type.
Method Peak
Frequency (Hz)
Data Set 1 Data Set 2 Data Set 3
Chirp
A 1898 1900 1899
Excitation
B 2514 2513 2511
C 3087 3092 3090
D 3268 3269 3266
E 4444 4438 4443
F 4689 4689 4689
G 5566 5562 5569
Pulse
A 1875 1875 1875
Excitation
B 2500 2500 2500
C 3075 3075 3075
D 3250 3250 3250
E 4450 4425 4425
F 4675 4675 4675
G 5576 5576 5551
is sensed by the accelerometer x-axis aligned with the direction of the tube wall movement (fig-
ure 7.12a) while the two other modulated carriers signals correspond to the current and power
generated by the PZ sensor (figures 7.12b and 7.12c, respectively).
Three different methods (MDIF, MUP and MLP), aiming wave morphology estimation, were
applied to the upper and lower profiles, extracted from each modulated carrier using the EDA.
The MLP was not used on power data, since no significative modulation was observed in its lower
profile. The resultant waveforms are presented in figures 7.12d, 7.12e and 7.12f as well as their
reference waveform, gathered non-invasively with a manometer.
The contour of the pressure waves obtained with prototype C10 and the manometer are
identical, presenting a RMSE below 3 % for each method (table 7.6, set A1). The three methods
with best results are the current MDIF, MUP and the power MUP with values of 1.671 %, 2.283
% and 1.968 %, respectively.
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Figure 7.12: Amplitude-modulated and demodulated signals acquired with proto-
type C10 in the hydraulic test bench system III compared with the original mod-
ulating signal (reference). (a) Accelerometric modulated carrier in x-direction and
manometer signal. (b) Current modulated carrier. (c) Power modulated carrier. (d)
Waveforms extracted from (a) using the MDIFmov, the MUPmov and the MLPmov
and reference waveform. (e) Waveforms extracted from (b) using the MDIF, the MUP
and the MLP and reference waveform. (f) Waveforms extracted from (c) using the
MDIF and the MUP and reference waveform.
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Table 7.6: RMSE measurements accomplished in waveform analysis study with proto-
type C10 for different applanation positions, physical/electrical parameters and demod-
ulation methods. The best results for each data set are in bold type.
Set Position1 Acceleration RMSE (%) Current RMSE (%) Power RMSE (%)
(AN ) (µstep) MDIFmov MUPmov MLPmov MDIF MUP MLP MDIF MUP
A1 101500 2.896 2.600 3.018 1.671 2.283 2.509 2.468 1.986
A2 101500 3.406 3.261 3.400 3.023 3.456 3.474 3.472 3.535
A3 104500 3.153 2.739 3.075 2.722 3.314 3.381 3.413 2.827
A4 104500 2.559 2.248 2.585 2.549 3.213 3.147 3.105 2.534
A5 107500 3.809 3.554 3.853 2.872 3.362 3.454 3.572 2.845
A6 107500 3.629 3.275 3.800 3.069 3.730 3.924 4.270 2.449
A7 110500 4.051 4.021 3.996 2.270 2.468 2.457 2.907 2.524
A8 110500 4.853 4.286 5.014 2.875 4.325 4.157 4.478 2.566
A9 113500 4.751 4.450 4.875 1.985 2.455 2.258 2.700 2.002
A10 113500 4.350 4.363 4.276 2.275 2.598 2.582 2.913 1.949
A11 116500 4.573 4.447 4.570 1.870 2.670 2.531 3.061 1.916
A12 116500 3.900 3.675 3.960 1.762 2.391 2.313 2.600 1.935
Mean 3.827 3.576 3.869 2.412 3.022 3.015 3.246 2.422
STD 0.735 0.766 0.753 0.507 0.640 0.657 0.629 0.496
CV 19.206 21.420 19.462 21.020 21.178 21.791 19.377 20.479
1 Applanation position of prototype C10 on the tube. The position in which the tube is almost
touching the sensor is around 60500.
In addition to the previous data set (A1), other pulse wave acquisitions were accomplished
with prototype C10 at the end of the latex tube for successively higher applanation positions.
The RMSE measurements between the reference and the various waveforms are compiled in table
7.6, where the mean ± STD and its CV were also computed for each method.
The results show that there is no substantial increase in the RMSE when flattening the tube.
Only the waveforms obtained by means of the acceleration data present a very slight increment
in the error for positions superior to 107500 microsteps. Nonetheless, for all the methods, the
waveforms obtained invasively and non-invasively show high correspondence and RMSEs equal to
or less than 5 %. Also, the coefficient of correlation, calculated for each set and method, varies in
the range of 0.9891 - 0.9980, thus demonstrating the strong correlation between the two signals.
Considering the twelve data sets, the statistics obtained for each method are close and present
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the same order of magnitude. The most accurate methods are the current MDIF, MLP and the
power MUP that present mean RMSE values of 2.412 %, 3.015 % and 2.422 %. On the other
hand, the most consistent methods are the acceleration MDIFmov, MLPmov and the power MDIF
that demonstrate CV values of 19.206 %, 19.462 % and 19.377 %, respectively.
7.2.2.2 In Vivo Studies
Figure 7.13 shows an example of the signals obtained with prototype C10 in the left carotid of a
healthy young human subject, selected for their clarity.
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Figure 7.13: Signals acquired with prototype C10 in a healthy human carotid artery.
(a) Amplitude - modulated acceleration carrier in x-direction, a. (b) Amplitude -
modulated current carrier, c. (c) Amplitude - modulated power carrier, p. (d) APWs
resultant from the difference between the lower and upper profiles, MDIF, extracted
from the acceleration, current and power signals.
The signals acquired consist of three amplitude-modulated carriers. The first modulated
carrier is sensed by the accelerometer x-axis aligned with the direction of the vessel wall movement
(figure 7.13a) while the two other modulated carriers signals correspond to the current and power
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generated by the PZ sensor (figures 7.13b and 7.13c, respectively).
Each signal was subjected to a demodulation process using the EDA. Then, to assess APWs,
the MDIF method was applied to the acceleration, current and power extracted profiles. Only
the waveforms obtained with the MDIF method were analyzed, due to the robustness achieved
in test bench conditions and to its potential in discarding operator and patient artifacts.
The resultant APWs, depicted in figure 7.13d, closely overlap among themselves presenting
typical type C pulse waveforms [88]. The SP and DN are evident in the three distinct traces as
well as the small deflections during the diastolic interval (Pi), as a result of the reflection of the
pulse energy and tapering of the vessels during runoff to the arterial system's distal regions.
Although no reference waveform is used, the RMSEs obtained between the APWs was de-
termined, yielding values of 2.573 % (aceleration vs. current profiles), 2.541 % (aceleration vs.
power profiles) and 0.406 % (current vs. power profiles).
7.2.3 Waveform Calibration
In this study, the waveforms obtained with prototype C10 were quantified in mmHg using two
types of calibration curves. The curves, empirically set-up in the hydraulic test bench system
III, relate the signals acquired with the manometer and prototype C10 in distinct conditions (see
chapter 4, table 4.3).
The first type of curves is depicted in figure 7.14 and represents the relation between the
pressure exerted by the water on the latex tube walls and the PZ's electrical power, when the
sensing tip lightly applanates the tube.
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Figure 7.14: Calibration curves of prototype C10 based on PZ's electrical power
monitoring with their best-polynomial-fittings. (a) Calibration curve A (reference
power ≈ 7 µW). (b) Calibration curve B (reference power ≈ 38 µW). Both curves
result from the waveforms obtained with the prototype C10 and the manometer.
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On the other hand, the second type of curves, depicted in figure 7.15, correlates the pressure
exerted by the water on the latex tube walls with the probe's acceleration, when the sensing tip
moderately flattens the tube.
Only the MDIF method was used to extract the power and acceleration waveforms, due to its
robustness in previous experiments.
Two different curves were determined for each type, according to the reference calibration
value established (i.e. carrier peak-to-peak amplitude).
Curves A and B represent the electrical power - pressure type and hold reference values of
7 µW and 38 µW, respectively. Curves C and D represent the acceleration - pressure type and
present reference values of 1.46 g and 1.64 g each.
The shape of curves A, B and C present moderate deviations from linearity and are fitted to
second order polynomials. Contrarily, curve C based on linear relationship is fitted by a straight
line. The corresponding equations are also specified in figures 7.14 and 7.15.
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Figure 7.15: Calibration curves of prototype C10 based on acceleration monitoring
with their best-polynomial-fittings. (a) Calibration curve C (reference acceleration
≈ -1.46 g). (b) Calibration curve D (reference acceleration ≈ -1.64 g). Both curves
result from the waveforms obtained with the prototype C10 and the manometer.
In the second part of the study, the performance of each calibration curve was evaluated on
other non-calibrated pressure waveforms acquired with prototype C10 in bench conditions.
In table 7.7, the main characteristic pressure values estimated with prototype C10 using curves
A and B are compared with the pressure values obtained with the manometer (reference). The
results are divided into two sets (A and B) depending on the curve used.
In both sets, the difference between the estimates obtained for the typical waveform points
(maximum and minimum) and the corresponding relative errors increases as the tube is progres-
sively flattened.
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Table 7.7: Comparison between the measured (manometer) and the estimated (prototype C10) pressure values for different applanation
positions using calibration curves A (set A) and B (set B).
Set N
Applanation Prototype C10 (mmHg) Manometer (mmHg) Difference3 (mmHg) Relative Error (%)
x1 ∆x2 Max. Min. Mean ∆P Max. Min. Mean ∆P Max. Min. Mean ∆P Max. Min. Mean ∆P
A
A1 73500 0.30 137.57 28.04 65.81 109.53 149.35 31.11 70.19 118.24 -11.78 -0.67 -4.38 -8.71 7.89 2.20 6.23 7.37
A2 74500 0.40 112.81 28.42 56.55 84.39 120.14 27.67 58.49 92.47 -7.33 0.75 -1.95 -8.08 6.10 2.70 3.33 8.74
A3 75500 0.50 113.55 28.56 56.89 84.99 137.49 29.14 65.25 108.35 -23.94 -0.58 -8.37 -23.36 17.41 1.99 12.82 21.56
A4 85000 1.44 104.44 38.43 60.43 66.01 138.64 34.81 69.42 103.82 -34.20 3.62 -8.99 -37.82 24.67 10.39 12.95 36.42
A5 90000 1.93 70.45 29.62 43.23 40.83 115.17 33.47 60.70 81.69 -44.71 -3.85 -17.47 -40.86 38.83 11.51 28.78 50.02
B
B1 73500 0.30 65.22 22.31 36.61 42.91 79.58 26.65 44.29 52.93 -14.36 -4.34 -7.68 -10.02 18.05 16.29 17.34 18.93
B2 74500 0.40 90.98 23.36 45.90 67.61 112.04 25.44 54.31 86.60 -21.06 -2.07 -8.40 -18.99 18.80 8.15 15.47 21.93
B3 75500 0.50 80.54 22.60 41.91 57.95 110.07 30.09 56.75 79.97 -29.52 -7.50 -14.84 -22.03 26.82 24.91 26.15 27.54
B4 76500 0.60 73.44 23.03 39.83 50.41 102.03 31.31 54.88 70.73 -28.59 -8.27 -15.05 -20.32 28.02 26.43 27.42 28.73
B5 77000 0.64 85.71 31.77 49.75 53.94 115.29 33.73 60.92 81.57 -29.59 -1.96 -11.17 -27.63 25.66 5.81 18.33 33.87
B6 80000 0.94 76.74 22.84 40.81 53.90 115.42 31.88 59.73 83.54 -38.68 -9.04 -18.92 -29.64 33.51 28.36 31.68 35.48
B7 90000 1.93 47.16 22.64 30.82 24.52 87.94 37.24 54.14 50.70 -40.77 -14.59 -23.32 -26.18 46.37 39.19 43.08 51.64
B8 100000 2.93 41.99 22.51 29.00 19.49 94.95 34.37 54.56 60.58 -52.96 -11.86 -25.56 -41.10 55.77 34.50 46.84 67.84
1 Applanation position of prototype C10 on the tube (in microsteps).
2 Displacement, in mm, of prototype C10 regarding the applanation position of the calibration set ( = 70500 microsteps).
3 Difference between the maximum, minimum and mean pressures values obtained with prototype C10 and the manometer (reference).
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In set A, the range of minimum and maximum pressure values obtained for the different (ref-
erence) waveforms vary between 27 - 35 mmHg and 115 - 150 mmHg, respectively. The minimum
pressure values are estimated with good accuracy (relative errors below 12 %), in opposition to
maximum and mean pressure values that present errors above 12 % for applanation positions
higher than 75500 microsteps, i.e. which differ 0.5 mm from the calibration set's applanation
position. The average differences between the pressures values obtained with prototype C10 and
the manometer are -24.39 ± 15.49 mmHg, -0.15 ± 2.70 mmHg and -8.23 ± 5.92 mmHg for the
maximum, minimum and mean points.
When estimating the pressure values using calibration curve B, the performance is worse than
that obtained previously with curve A. Excepting the applanation positions 74500 and 77000, the
relative errors are superior to 16 %, when considering the minimum pressure values assessment.
Notwithstanding, the errors are even higher when estimating the maximum pressures, yielding
values above 18 % for each applanation position. In this set, the average differences between
the pressures values obtained with prototype C10 and the manometer are -31.94 ± 12.04 mmHg,
-7.45 ± 4.51 mmHg and -15.62 ± 6.60 mmHg for the maximum, minimum and mean points. The
range of minimum pressure values for the different waveforms is similar to set A (25 - 38 mmHg)
but the maximum pressure values are lower, varying between 80 and 115 mmHg.
Figure 7.16 illustrates an example of the waveforms obtained in the different sets and their
relative errors over time. The waveforms obtained in the remaining acquisitions can be consulted
in Appendix B - section B.2.1 (figures B.11 and B.12).
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Figure 7.16: Example of pressure waveforms obtained by both the manometer and
prototype C10 using the calibration curves presented in figure 7.14. (a) Data set A1.
(b) Data set B1.
The results of the pressure assessments made with the manometer and prototype C10, using
173
7. Experimental Results and Discussion II 7.2. Prototype C10
curves C and D are given in tables 7.8 and 7.9, respectively. The results are arranged into two
sets (C and D) according to the curve used.
In both sets, the difference between the estimates obtained for the maximum, minimum and
mean points and the corresponding relative errors do not correlate with changes in applanation
of the tube. Only in set D is a moderate increase of the difference and the relative error visible
for the last applanation position (116500) and the maximum pressure values.
The range of pressure values obtained for the several reference waveforms are also very identical
in both sets, varying between 40 - 55 mmHg (minima) and 113 - 175 mmHg (maxima).
When using calibration curve C, the minimum, maximum and mean pressure values are esti-
mated with very good accuracy, showing relative errors less than 10 % regarding their reference
values. The errors are only higher than 10 % for the minimum pressure estimates on applanation
positions 80500 and 83500 (16.65 % and 14.81 %, respectively). The average differences between
the pressures values obtained with prototype C10 and the manometer are -5.17 ± 5.97 mmHg,
-0.73 ± 4.42 mmHg and -2.21 ± 2.69 mmHg for the maximum, minimum and mean points.
The performance obtained with calibration curve D is also very good, estimating pressure
values with errors less than 10 % for the main characteristics points. Some higher errors are
noticeable, such as for positions 116500 (maximum pressure value), 107500 and 113500 (minima
pressures). Nevertheless, the average differences between the pressures values obtained with
prototype C10 and the manometer are slighty better (i.e. lower) than those obtained in set C,
presenting values of -1.49 ± 8.50 mmHg, 0.45 ± 4.23 mmHg and -0.20 ± 4.36 mmHg for the
maximum, minimum and mean points, respectively.
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Figure 7.17: Example of pressure waveforms obtained by both the manometer and
prototype C10 using the calibration curves presented in figure 7.15. (a) Data set C1.
(b) Data set D1.
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Table 7.8: Comparison of the measured (manometer) and the estimated (prototype C10) pressure values for different applanation
positions using calibration curve C.
Set N
Applanation Prototype C10 (mmHg) Manometer (mmHg) Difference3 (mmHg) Relative Error (%)
x1 ∆x2 Max. Min. Mean ∆P Max. Min. Mean ∆P Max. Min. Mean ∆P Max. Min. Mean ∆P
C
C1 80500 0.30 125.44 47.08 73.20 78.36 137.87 40.36 72.86 97.51 -12.44 6.72 0.33 -19.15 9.02 16.65 0.46 19.64
C2 83500 0.60 95.74 48.46 64.22 47.28 103.69 42.21 62.70 61.48 -7.95 6.25 1.52 -14.20 7.67 14.81 2.42 23.10
C3 86500 0.89 103.02 46.02 65.02 57.00 112.55 47.31 69.06 65.24 -9.54 -1.30 -4.04 -8.24 8.47 2.74 5.85 12.63
C4 89500 1.19 132.50 50.52 77.85 81.97 133.73 50.18 78.03 83.54 -1.23 0.34 -0.18 -1.57 0.92 0.68 0.23 1.88
C5 92500 1.49 117.92 45.82 69.86 72.10 117.02 49.29 71.87 67.73 0.91 -3.47 -2.01 4.37 0.77 7.04 2.80 6.46
C6 95500 1.79 134.85 45.37 75.20 89.49 145.40 47.69 80.26 97.70 -10.54 -2.33 -5.07 -8.22 7.25 4.88 6.31 8.41
C7 98500 2.08 142.41 47.77 79.32 94.64 144.44 50.88 82.07 93.56 -2.03 -3.12 -2.75 1.09 1.40 6.13 3.36 1.16
C8 101500 2.38 143.69 45.81 78.44 97.88 138.76 49.74 79.41 89.03 4.93 -3.93 -0.97 8.85 3.55 7.89 1.23 9.95
C9 104500 2.68 140.86 49.12 79.70 91.75 149.54 54.84 86.41 94.70 -8.68 -5.72 -6.71 -2.95 5.80 10.43 7.76 3.12
Mean 126.27 47.33 73.64 78.94 131.44 48.06 75.85 83.39 -5.17 -0.73 -2.21 -4.45 4.98 7.92 3.38 9.59
STD 17.44 1.77 6.02 17.40 16.30 4.43 7.34 14.67 5.97 4.42 2.69 8.92 3.36 5.27 2.70 7.72
1 Applanation position of prototype C10 on the tube (in microsteps).
2 Displacement, in mm, of prototype C10 regarding the applanation position of the calibration set ( = 77500 microsteps).
3 Difference between the maximum, minimum and mean pressures values obtained with prototype C10 and the manometer (reference).
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Table 7.9: Comparison of the measured (manometer) and the estimated (prototype C10) pressure values for different applanation
positions using calibration curve D.
Set N
Applanation Prototype C10 (mmHg) Manometer (mmHg) Difference3 (mmHg) Relative Error (%)
x1 ∆x2 Max. Min. Mean ∆P Max. Min. Mean ∆P Max. Min. Mean ∆P Max. Min. Mean ∆P
D
D1 101500 0.30 165.27 50.39 88.68 114.87 162.81 48.84 86.83 113.96 2.46 1.55 1.85 0.91 1.51 3.17 2.13 0.80
D2 101500 0.30 153.51 48.31 83.38 105.20 150.24 46.23 80.90 104.01 3.27 2.08 2.48 1.18 2.17 4.51 3.06 1.14
D3 104500 0.60 152.57 49.80 84.06 102.78 147.56 49.29 82.05 98.28 5.01 0.51 2.01 4.50 3.39 1.03 2.45 4.58
D4 104500 0.60 158.17 50.15 86.15 108.02 156.62 54.97 88.85 101.66 1.55 -4.82 -2.70 6.37 0.99 8.77 3.03 6.26
D5 107500 0.89 166.14 49.42 88.32 116.72 163.89 57.13 92.72 106.76 2.25 -7.72 -4.39 9.96 1.37 13.50 4.74 9.33
D6 107500 0.89 151.09 47.76 82.20 103.33 142.85 43.17 76.39 99.68 8.25 4.59 5.81 3.65 5.77 10.64 7.61 3.66
D7 110500 1.19 176.01 50.90 92.61 125.11 169.82 46.74 87.77 123.08 6.19 4.16 4.84 2.03 3.65 8.91 5.51 1.65
D8 110500 1.19 109.11 50.14 69.80 58.97 116.76 49.99 72.25 66.77 -7.65 0.15 -2.45 -7.80 6.55 0.30 3.39 11.68
D9 113500 1.49 166.97 49.09 88.39 117.87 167.27 43.04 84.45 124.23 -0.30 6.06 3.94 -6.36 0.18 14.07 4.66 5.12
D10 113500 1.49 169.29 47.62 88.18 121.67 174.99 50.12 91.74 124.87 -5.69 -2.50 -3.56 -3.19 3.25 4.99 3.88 2.56
D11 116500 1.79 135.92 49.50 78.30 86.42 155.86 52.54 86.98 103.31 -19.94 -3.04 -8.68 -16.90 12.79 5.79 9.97 16.36
D12 116500 1.79 159.38 49.51 86.13 109.88 172.69 45.14 87.66 127.55 -13.31 4.36 -1.53 -17.67 7.71 9.67 1.74 13.85
Mean 155.29 49.38 84.68 105.90 156.78 48.93 84.88 107.85 -1.49 0.45 -0.20 -1.94 4.11 7.11 4.35 6.42
STD 17.94 1.03 5.98 18.03 16.17 4.41 6.06 16.89 8.50 4.23 4.36 8.76 3.59 4.53 2.41 5.22
1 Applanation position of prototype C10 on the tube (in microsteps).
2 Displacement, in mm, of prototype C10 regarding the applanation position of the calibration set ( = 98500 microsteps).
3 Difference between the maximum, minimum and mean pressures values obtained with prototype C10 and the manometer (reference).
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Figure 7.17 depicts an example of the waveforms obtained in the acquisitions C1 and D1 and
their relative errors for each instant. The waveforms obtained in the remaining acquisitions are
shown in Appendix B - section B.2.2 (figures B.13 and B.14).
7.2.4 Discussion
In this section, the experimental characterization and in vivo feasibility of prototype C10 are
examined.
This prototype based on the combined action of a PZ-accelerometer pair is a simplified and
improved version of prototype C4, allowing the extra measurement of PZ's electrical current and
power.
The prototype C10 characterization is achieved in three main studies: 1) resonance analysis,
2) waveform reproduction and 3) waveform calibration.
The results obtained in the first study show that both the chirp and the pulse excitation
methods are effective in identifying the different resonant frequencies of prototype C10, presenting
very close values for each peak (table 7.5). Both methods were used due to their simplicity,
however the pulse excitation method is less time consuming than the chirp method, thus increasing
the process efficiency in a real-time implementation.
In spite of the multiple resonant frequencies (typical of a PZ based device or transducer), only
the major one is targeted for excitation in order to guarantee the maximum energy conversion.
For the sensing tip C10, the main resonant frequency is 4675 Hz when using the pulse excitation
method, matching the frequency of the PZ resonance peak provided by the manufacturer (4.6± 0.5
kHz). It should be noted that this value, though below the resonant frequency of the accelerometer
(5.5 kHz), is above its half power point (2.5 kHz). This means that the accelerometer's sensitivity
is reduced since frequencies beyond the 3 dB bandwidth are attenuated. Currently there are no
available commercial accelerometers that can provide a broader bandwidth, so the only way to
surpass this limitation would be to wait for the industry to produce new, more advanced sensors.
Despite this technical constraint, prototype C10 presents a very good performance in repro-
ducing the profile of pressure waves acquired in the hydraulic test bench system III and in the
carotid artery of a young healthy subject. In both cases, several waveforms were successfully
extracted from the acceleration, current and power modulated carriers using the EDA (figures
7.12 and 7.13).
In test bench conditions, the waveforms obtained with prototype C10 for consecutively higher
applanation positions were compared to the waveforms collected by the manometer and a very
good correlation was found between both systems (R > 0.99). As can be observed in table 7.6,
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the pressure waveforms are estimated faithfully in all the sets, presenting average RMSE values
lower than 4 % for the different methods. It is also important to emphasize that the capability
of assessing the pressure wave morphology is not influenced by the changes in applanation of the
tube. In general, all the methods perform very well, but those that use the difference between
the lower and upper current profiles, current MDIF, the upper power profile, power MUP and
the lower current profile, current MLP, show the best accuracy, with average RMSE values of
2.412 %, 2.422 % and 3.015 %, respectively. On the other hand, in terms of CV, the most robust
methods are those that employ the difference between the lower and upper acceleration profiles
in the direction of the wall movement (x-direction), MDIFmov, the difference between the lower
and upper power profiles, power MDIF and the lower acceleration profile in x-direction, MLPmov,
exhibiting values of 19.206 %, 19.377 % and 19.462 %, respectively.
In in vivo conditions, the APWs obtained with prototype C10 for the different methods are
similar, delivering a high pulse to pulse consistency and a clear definition of the remarkable points
(SP, Pi or DN). Despite the lack of reference measurements, the RMSEs are below 2.7 % when
comparing the various waveforms.
In the last and ultimate study, the feasibility of a novel calibration method was evaluated. The
method relies on the use of experimental calibration curves, whose determination and application
demand the conservation of either the PZ's electrical power or the acceleration sensed by the
prototype. In other words, the measured power and acceleration values must be equal when the
sensing tip is freely vibrating and when it is touching the elastic wall.
In the first part of the study, four different calibration curves were empirically determined,
relating the water pressure fluctuations sensed by the manometer with the electrical power (curves
A and B, figure 7.14) or the acceleration (curves C and D, figure 7.15) variations acquired with
prototype C10. Although the curves are fitted properly with second order polynomials and linear
functions, a hysteresis effect is especially visible in curves A and C. This tendency seems to result
from the latex tube deformation in response to the varying force that is applied manually by
an operator. In future studies, an automated and programmable system for generating pulse
pressures will be used instead, to verify if either the actuation process or the tubes material are
the main sources of hysteresis.
In the second part of the study, the main pressure values estimated with prototype C10
using two types of curves were compared with the (reference) pressure values obtained with the
manometer. The curves based on the electrical power value conservation performed poorly on the
quantification of pressure waveforms (table 7.7 and figures 7.16, B.11, B.12). A very significant
bias is found, with the maximum pressure values estimated by curves A and B being, on average,
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24.39 mmHg and 31.94 mmHg lower than those measured by the manometer. For the minimum
pressures, the bias decreases and values are typically 0.15 mmHg (curve A) and 7.45 mmHg
(curve B) lower than those measured by the manometer. Nevertheless, mean pressure and pulse
pressure (∆P) estimates which depend directly on the minimum and maximum values also present
a considerable bias regarding reference pressure values: -8.23 mmHg and -23.77 mmHg for curve
A and -15.62 mmHg and -24.49 mmHg for curve B. Although the changes in tube's applanation
contributed markedly to the bias and error increase, the results obtained confirm the inefficiency
of this type of curves in pressure assessment.
Contrarily, the curves based on the acceleration value conservation performed very well in
pressure waveform calibration (tables 7.8, 7.9 and figures 7.17, B.13, B.14). An important finding
is that the successive changes in tube's applanation do not impair the accurate estimation of
the main pressure values using curves C and D (average relative errors less than 10 %). When
using the calibration curve C, the estimates of maximum, minimum and mean values are, on
average, 5.17 mmHg, 0.73 mmHg and 2.21 mmHg lower than those measured respectively with
the manometer. Furthermore, pulse pressure is lower 4.45 mmHg. When using the calibration
curve D, the estimates of maximum, mean and pulse pressure values are, on average, 1.49 mmHg,
0.20 mmHg and 1.94 mmHg lower than those measured with the manometer while its minimum
is higher 0.45 mmHg.
Although set D has slightly better performance than set C, in both cases the results satisfy
the accuracy criteria of the Association for the Advancement of Medical Instrumentation (AAMI)
protocol [7], given that the prototype-manometer differences are ≤ 5 ± 8 mmHg for both the max-
imum and minimum pressure values. It's important to acknowledge that this criteria, developed
to validate the clinical accuracy of Non-invasive Blood Pressure Devices (NIBP), entails popula-
tion studies in which readings made by the system under test and those by a reference method
are obtained according to some prescribed procedures. Nevertheless, the accomplishment of this
accuracy criteria in these test bench experiments seems to be a good indicator of the feasibility of
prototype C10 in assessing ABP, namely when the pressure values generated inside the latex tube
are mostly in the range of those found in a healthy subject or with CVD. Future developments
will certainly include the validation of the calibration method at human carotid arteries against
measurements made with established systems (e.g. SphygmoCor, Complior Analyse).
Currently, an ongoing adjustment is already being performed on the hydraulic test bench
system III. Since the range of minimum pressures was found to be narrow (from 40 to 55 mmHg,
approximately), a larger piston (syringe, 1 L) will be used to achieve a wider range. This will
allow the evaluation of the full sensitivity of the proposed method.
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It is clear from the results obtained in sets C and D that the most important strength of the
present calibration method is its validity for different applanation positions and its inherent inde-
pendence from an operator action. The procedure foresees the reestablishment of the attenuation
to the calibration reference value whatever the force exerted on the vessel wall may be. The next
step consists of demonstrating the independence of the calibration method from the stiffness of
the vessel wall. To achieve this, a silicone tube can be used instead of the latex one.
A final point that must also be considered is the discrepancy between the results obtained for
the two types of curves. The curves rely on the same calibration principle, differing only on the
physical quantity to control. One of the possible reasons for the inadequacy of the curves A and
B in the calibration process is the (lack of) efficiency of the energy conversion process in the PZ
sensor, defined as the ratio between the electrical input and the mechanical output powers. At
the resonant frequency, the PZ material is prone to power losses and part of the electrical energy
seems to be dissipated through heat and sound. Since the attenuation sensed by the prototype
C10 is mainly a mechanical phenomenon, the PZ's electrical power may not be a faithful measure
of this process. On the other hand, the effectiveness of curves C and D seems to result precisely
from the ability of the accelerometer in only measuring the mechanical vibrations generated by
the PZ sensor, not being affected by those dissipative processes.
7.3 Conclusive Remarks
In this chapter, the feasibility of ABP and APW assessment was demonstrated using two novel
excitator-detector based prototypes and dedicated methods for pressure waveform estimation and
calibration.
The two prototypes, C4 and C10, rely on the amplitude modulation effect that occurs when
their measuring probes are set on an elastic wall and the fluid pressure variations, transmitted
through it, attenuate the PZ (vibrator) oscillations sensed by the accelerometer (detector).
The prototypes were successfully characterized in the hydraulic test bench system III and in
the carotid arteries of young healthy subjects.
The demodulation process yielded excellent results in recovering the morphology of pressure
wave, including APW. For both prototypes several waveforms were accurately extracted from the
acceleration, current and power modulated carriers using the EDA and PDA. Prototype C10
presented slightly better performance than prototype C4 in test bench conditions, reproducing
the pressure waveform for successive higher applanation positions with an average RMSE lower
than 2.5 %, when considering its best method, current MDIF. Nevertheless, the other methods
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also presented a very good accuracy never exceeding average RMSE values of 5 % in both proto-
types. The results taken at the carotid site allowed the detection of APW and the identification
of its prominent points. As future work, alternative algorithmic approaches based on the descrip-
tive analysis of carotid blood pressure waveform will be implemented in order to obtain other
important indices of cardiovascular function (e.g. AIx, SEVR, dP/dt, etc.).
The effectiveness of a novel calibration method focused on the use of empirical curves was
also demonstrated. The calibration curves correlated the water pressure variations measured
invasively using a manometer with the acceleration or PZ's electrical power waveforms obtained
non-invasively with the prototypes. Prototype C4 presented enough accuracy in quantifying the
pressure waveforms, namely carotid blood pressure, when the amplitude of their acceleration
modulated carriers was similar to that obtained in the calibration data set. However, the process
was limited by the operator's ability to exert a constant force on the vessel.
The most important condition in the calibration method's efficiency was only established
using prototype C10. Through the conservation of the acceleration carrier amplitude, it was
possible to determine the maximum, minimum, mean and pulse pressure values with relative
errors lower than 10 %. Also, the mean pressure differences between prototype C10 and the
reference system (manometer) were ≤ 5 ± 8 mmHg, 'fulfilling' the accuracy criteria of the AAMI
protocol. Contrarily, the curves based on the electrical power value conservation proved to be
ineffective in the quantification of pressure waveforms.
Even though preliminary studies to validate the in vivo applicability of prototype C10 were
already initiated, further developments will be focused on mechanical redesign, probe-carotid
artery interface and signal acquisition optimization considering its use in humans. The direct
comparison between the developed system and a state-of-the-art device in a healthy and non-
healthy population is also planned.
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CHAPTER8
Conclusions and perspectives
This chapter summarizes the work developed in the cardiovascular condition monitoring area,
presenting an overall view of what was accomplished in this thesis. Suggestions and guidelines for
future work are presented as next research steps. The potential commercial application derived
from the obtained results is also discussed.
8.1 Final Remarks
The social and economic impact of CVDs and the importance of efficient early diagnostic tools
are self-evident [90, 99]. This research study set out to explore new instrumental paradigms for
hemodynamic parameters evaluation that could support, at a later stage, an efficient clinical tool
in the detection and control of individuals at cardiovascular risk. The main directions established
to accomplish this aim were: 1) developing an innovative generation of electromechanical based
probes for non-invasive hemodynamic condition assessment; 2) building dedicated test bench
systems capable of replicating some of the basic properties of the cardiovascular system; 3) de-
veloping signal processing algorithms for parameter extraction and 4) running a set of medically
controlled pre-clinical tests.
Essentially, two major groups of probes were explored according to the hemodynamic param-
eters to be assessed. The first group was dedicated to local arterial stiffness evaluation while the
second was focused on ABP and APW assessment. This thesis strived to show the potential (and
limitations) of the different versions of developed instruments through an extensive characteriza-
tion in bench and in in vivo conditions.
The next two subsections will synthesize the empirical findings that answer the study's main
research questions.
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8.1.1 Local Arterial Stiffness Estimation
1) Can local arterial stiffness be assessed non-invasively with electromechanical sensors not requir-
ing a Bramwell-Hill model assumption, an expensive equipment and a fairly high level of technical
expertise?
In a word, yes. In this work, two novel generations of DP based on the use of PZ or acoustic
sensors for local PWV measurement were developed along with several algorithms for the deter-
mination of the temporal specific features of the wave. PWV was assessed in a single location and
involved the determination of the time delay between the signals acquired simultaneously by two
electromechanical sensors, placed 23 mm apart (1st generation of prototypes - PZ DP) or 11 mm
and 15 mm apart (2nd generation of prototypes - AP and PZ DP, respectively). The developed
probes had compact sizes and their ergonomics guaranteed a user-friendly and safe configuration
for collecting the pressure wave on the carotid artery for both the patient and the operator. The
prototypes were portable, lightweight and were designed with low power consumption and low
cost materials in mind, in order to be regarded as interesting solutions for commercial purposes.
Although some training was required, the acquisition method using the developed probes was
much less demanding on the operator skills than ultrasound or applanation tonometry.
The studies carried out for the two generation of prototypes were similar and aimed to validate
the probes on several aspects: waveform analysis, crosstalk effect, repeatability, time resolution
and in vivo feasibility. Most of the experiments were accomplished on original non-hydraulic and
hydraulic test bench systems, also developed and characterized on purpose. The results obtained
in the characterization of the test benches proved to be capable of simulating the dynamics of
arterial pressure wave propagation, as well as most of the clinically interesting PWV and pressure
range values.
Regarding the first generation of prototypes, the PZ DP demonstrated good performance
at the test benches and its signals presented large bandwidth and did not suffer from crosstalk
effect. The use of deconvolution method yielded very good results in reproducing distinct wave
pressure profiles, however its implementation required the experimental determination of the
sensors' IRs. In further applications, this could constitute an important limitation compared
to other straightforward solutions (e.g. electronic integration). The ability of the PZ DP to
discriminate time delays below 1 ms, between points separated by 2 cm (i.e. PWV ≈ 20 ms−1),
was also verified with a relative error around 8 % when using cross-correlation algorithm. Despite
the efficieny of the 1st generation of prototypes in test bench conditions, some technical limitations
were verified in in vivo tests, namely in the transmission of the distension wave, associated with the
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propagating pressure wave, to each PZ sensor. With the development of the second generation of
prototypes, constraints related to the excessive distance between the sensors, the vulnerability of
the mechanical interface, the collar tightening and the inability to provide real-time visualization
of the profile of the pulse pressure wave were surpassed. After the optimization process, the new
prototypes maintained the overall good performance in bench and in in vivo conditions. The new
PZ DP was able to reproduce wave pressure profiles with enough accuracy (RMSE < 8 %) and
its signals were repeatable and did not suffer from crosstalk effect. The AP was inadequate for
waveform estimation purposes due to its reduced sensitivity to low frequencies, but its signals
were also repeatable and crosstalk effect did not interfere with time delay estimation when the
cross-correlation algorithm was used. Time resolution studies showed that the error tended to
increase as the separating distance between two uncoupled sensors decreased. However, the ability
to measure high PWV using both probes was achieved with a very satisfactory error (< 10 %).
The results obtained in a pre-clinical validation trial demonstrated a good and strong correlation
between the mean carotid PWVs obtained with the PZ DP and the AP, but the lack of data
from unhealthy subjects and from healthy subjects with a wider range of ages made it hard to
demonstrate an eventual relationship with carotid-femoral stiffness. The values obtained for the
other time-based hemodynamic parameters were also very similar for both probes and were within
the expected ranges.
Although additional validation studies are still required in a larger and more heterogeneous
population, the second generation of DPs seems to provide a concrete opportunity for an easier
evaluation of local carotid stiffness in clinical practice and could be useful for future screening
programmes.
8.1.2 Arterial Blood Pressure and Waveform Assessment
2) Can accelerometers be used to assess APW and ABP by a non-invasive, continuous and accu-
rate means, without the need for a peripheral cuff method?
Everything indicates that it will be possible. The use of accelerometers to evaluate APW
and ABP (close to the heart) has been one of the main driving ideas behind this work, due to
their low cost, good sensitivity, inherent calibration and the constant development effort of the
industry regarding these devices. Throughout the PhD project, the concept has evolved greatly
and this evolution has given rise to a total of sixteen versions of which only the two with the best
performance were presented.
Prototypes C4 and C10, both based on a vibrator-detector unit, were characterized in a
customized hydraulic test bench system and in healthy human carotids. The basic idea behind
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the prototypes relied on modulating the vibration amplitude of the PZ disc, driven by a constant
sine wave, through the fluid pressure fluctuations that were transmitted over the elastic vessel
wall. These modulated vibrations were then measured by the accelerometer, mounted and aligned
with the PZ on the same support.
The studies carried out for both prototypes were similar and aimed to validate the probes on
three main aspects: wave morphology estimation, waveform calibration and in vivo feasibility.
The first experiments performed with prototype C4 proved the efficacy of two algorithms (EDA
and PDA) in the demodulation process. The accuracy and robustness of different methods for
pressure wave morphology estimation were also determined in the test bench, using as reference
the waveforms acquired with a manometer. The method based on the difference between the
upper and lower profiles, extracted from the modulated acceleration carrier in the direction of
the wall movement (MDIFmov), exhibited the lowest RMSE and CV with values of 3.35 % and
21.2 %. The first steps in the development of a valid methodology for waveform calibration were
also given with prototype C4. Using empirical calibration curves (acceleration - pressure), it
was possible to quantify, with enough accuracy, the pressure waveforms acquired in bench and
in in vivo conditions, when the amplitude of the modulated carrier in the direction of the vessel
wall movement was similar in both the calibration set and the acquired signals. Nevertheless,
this process was particularly difficult to perform in the carotid artery, since it depended on the
operator's expertise in maintaining a constant force on the vessel during the acquisition. Besides
this methodological drawback, other mechanical issues regarding the accelerometer's bandwidth
and probe's design were identified. With the development of prototype C10, some of these limi-
tations were overcome as a result of its mechanical simplification, miniaturization and broadband
accelerometer usage. The ability to measure the vibrator's electrical current and power was also
introduced. The first experiment with prototype C10 allowed the determination of its resonant
frequency. The results showed that the PZ should be driven by a sinusoidal wave of 4675 Hz
frequency in order to guarantee the system's maximum energy conversion and sensitivity. The
performance of different methods for pressure wave morphology estimation was also evaluated
for successive higher applanation positions of the elastic tube. The results demonstrated that
the overall RMSEs were lower than those obtained with prototype C4 and that the RMSE was
not directly correlated with the tube's flattening. When considering the best extracting method
(current MDIF) the average RMSE was 2.41 %. The effectiveness of a novel calibration method
focused on the conservation of the acceleration carrier amplitude was also demonstrated. Using
empirical curves which converted acceleration into pressure, it was possible to determine the max-
imum, minimum, mean and pulse pressure values with relative errors lower than 10 % in bench
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conditions. Also, the mean pressure differences between prototype C10 and the reference system
were, on average, ≤ 5 ± 8 mmHg for the maximum and minimum pressure values. Contrarily,
when the same principle was applied using empirical curves which converted electrical power into
pressure, the accuracy of the estimates regarding their main values was poor, hindering its further
use.
Although in vivo validation of this calibration method is still required, some breakthroughs
achieved with prototype C10 make further development worth it. Chiefly among these break-
throughs are its independence from the operator skills, the unnecessary use of a transfer function
to assess and quantify the (central) APW, as well as the fact that there is no need for calibration
procedure involving brachial or radial measurements.
8.2 Future Developments
The presented work leaves some unsolved problems and opens new questions that should be
addressed in additional research efforts. Some of the ideas to explore in the future for the two
main types of developed prototypes are described in the following paragraphs.
8.2.1 Prototypes for Carotid Stiffness Estimation
New Algorithms Implementation. Presently, the PZ and acoustic signal segments
used for hemodynamic parameters extraction are selected by the operator, depending on
his experience and sensitivity to the process. An automated choice of the pulses to be
processed should be implemented instead. The analysis of the quality of the pulse waves of
both channels could be captured numerically using a quality control score derived from the
pulse amplitude, pulse width and waveform contour similarity.
Regarding PTT estimation, some other algorithmic approaches should be implemented
namely for in vivo signals. In spite of the good performance of the cross-correlation, this
algorithm uses the signal's full length, including reflected waves effect, which can be a po-
tential source of error. Time delay determination using a successive increment of a reference
threshold value in a specific wave segment or the use of characteristic points such as the
maximum and minimum of dP/dt, SP or DN will be tested.
Although the accuracy in pulse waveform rendering using PZ DPs is currently below what
is obtained by the ABP/APW prototypes, an iterative derivative method for pulse wave
analysis will be attempted in order to determine the characteristic points and extract pa-
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rameters such as AIx. For this purpose, only one of the acquired signals should be selected,
segmented and normalized.
Cardiocheck Software Upgrade. Throughout this work, a set of signal processing algo-
rithms for hemodynamic assessment was developed and applied to different types of signals.
Adding extension programs written in Matlab to the Cardiocheck software is feasible due
to its modular architecture. As a result, a dedicated GUI for signal post-processing will be
designed and coupled to this acquisition tool, providing a polished and fully featured signal
processing package for potential commercial use.
Additional clinical validation. Pre-clinical trials remain an important approach to
achieve the devices' full characterization. In this work, the in vivo feasibility of the second
generation of probes was verified in 20 young healthy subjects. Nevertheless, a multi-
centre medical oriented pre-clinical trial program must be pursued in a larger population of
healthy/unhealthy subjects with a broader range of ages. Intra and inter-operator variabil-
ity studies should be carried out. Local PWV and other parameters values obtained with
the PZ DP and AP must also be compared with those obtained with gold standard mea-
surements, such as ultrasound based systems, to ensure accuracy of the proposed systems.
The correlation study between regional and local stiffness assessment using Complior device
and the developed prototypes should also be accomplished in a more diverse population.
Multichannel Platform Integration. At a certain point in the strategy of the GEI-CI
group, it became clear that the technologies and methodologies that were being devel-
oped in the framework of the various research works could be significantly enhanced, from
the clinical point of view, if they could be analyzed together. This gave rise to the idea
of a multichannel system with a modular architecture capable of integrating the in-house
systems dedicated to ECG monitoring, Photoplethysmography (PPG) measurement [132],
pulse waveform analysis [4, 119], PWV assessment [114, 120] and ABP measurement [117].
Since the platform is already constructed [5], the implementation and testing of the probes
developed for local arterial stiffness estimation and, at a later stage, for ABP/APW assess-
ment are also foreseen. The validation of this multichannel platform in different clinical
units is also planned.
8.2.2 Prototypes for Arterial Blood Pressure and Waveform Assessment
Theoretical Model Definition. This study provided empirical evidence regarding the
effectiveness of prototypes C4 and C10 in assessing and quantifying the pressure wave of a
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liquid confined in a vessel with elastic walls. Nevertheless, the development of a theoretical
model capable of explaining, among others, the relationships governing the basic modulation
effect from which the pressure waveform is derived or the energy balance between mechanical
and electrical energies generated by the vibrator must be enforced for the full understanding
of the prototypes' operation principle.
Mechanics, Electronics and Algorithms. The interface between the probe and the
subject remains a critical part of the system. The tip of the probe, in particular, must be
optimized to collect pulsatile energy from the artery site and to transmit this energy to
the system as a vibration muer, producing the modulation effect. 3D design and printing
of versions of the probe tip are planned, hopefully using results from the modeling work
referred above.
Regarding the prototypes' electronics, two important issues will be addressed: a) the mi-
gration of the demodulation task from software to hardware - this task, when carried out
via software, is time consuming and could impair the real-time capability of the probe; and
b) the design of a functional acquisition system with control and processing power, as well
as, energetic autonomy - the incorporation of a last generation microcontroller or a similar
multifunctional instrument will avoid the use of the external AWG, power supply and the
NI USB-6210 module.
The main algorithmic points that also need to be implemented or enhanced are: a) pulse
wave analysis for the extraction of other hemodynamic parameters such as AIx, SEVR,
dP/dt, etc; b) the fine tuning of the optimal carrier frequency of the PZ sensor and c)
the definition of the calibration curve that converts the modulation figure into an actual
pressure value. Both b) and c) approaches will be reviewed in order to be applied in a
real-time acquisition scenario. In case c), the implementation of an automatic acceleration-
voltage control loop will be crucial for the efficiency of the calibration process, which is
based on the conservation of the acceleration carrier amplitude. As such, this loop should
iteratively measure the attenuation of the acceleration carrier when the sensing tip is placed
on the elastic vessel, reestablishing the reference amplitude through the adjustment of the
PZ's input voltage.
Additional Experimental Characterization and Pre-Clinical Validation. As new
modifications are made, the prototypes' performance must be assessed in test bench con-
ditions to prove their validity. On the other hand, to evaluate the clinical use of the
protototype(s), a medical oriented study will be carried out to compare the results from
189
8. Conclusions and perspectives 8.3. Commercial Application of R&D Results
the probe(s) with standard methods (e.g. sphygmomanometer and applanation tonometry)
in healthy subjects and in patients with different pathologies, namely hypertension. Ulti-
mately, trials should also include proper and extensive gold standard comparison with an
invasive system (e.g. cardiac catheterization).
8.3 Commercial Application of R&D Results
The work presented in this thesis has been developed under a PhD studentship in industry, so
aspects such as value proposition, market demand, manufacturing costs and intellectual property
were invariably considered during the conception process of the different instrumentation.
This research has achieved meaningful results in the development of non-invasive technologies
for cardiovascular condition assessment. As such, their potential market application is largely
guaranteed by the prevalence that CVDs assumes in contemporary society, the generalized pop-
ulation aging or the increase in behavioural and metabolic risk factors.
The products that may result from this investigation could have several applications, however,
three main market segments should be emphasized. The first and most obvious use case is in
clinical environment, where they can be auxiliary instruments to aid healthcare professionals
(physicians, nurses and eventually pharmacists) in the process of diagnosing or following-up on
the patient's cardiovascular condition. This may also include ambulatory evaluation of the patient
(e.g. 24-hour ABP variations) during his normal day to day activities. The second use case
involves certain niche markets such as anesthesiology and nephrology, where real-time monitoring
of cardiac cycle fluctuations is crucial. Finally, the domestic market may also be of interest if the
products can be made simple to use and inexpensive enough.
Although there is a vast market potential for the two groups of developed prototypes, several
stages of commercial valorization are still required, namely: 1) hardware and software fine tuning;
2) clinical validation via a multi-centre medical oriented trial programs and 3) adaptation of
the technologies to ready to market systems. If these objectives are successfully achieved, we
believe that it will be possible to mobilize the interest of the major commercial players in the
cardiovascular medical devices industry for a licensing agreement.
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APPENDIXA
Instrumentation Details
In this appendix, additional technical information about the instrumentation described in chapter
3 is addressed. The first and second section present, respectively, the details about the PZ single
probe used in the experimental characterization of the first test bench system and the evolution
of all the developed prototypes for ABP/APW assessment and its main features/problems. The
last section depicts the several schematics of the developed prototypes electronics', explained and
characterized throughout the present thesis.
A.1 Prototypes for Local Arterial Stiffness: Piezoelectric Single
Probe
The PZ single probe is part of the first generation of prototypes developed for the assessment of
local arterial stiffness (chapter 3, section 3.2).
The visual and technical similarities between this probe and the PZ DP, developed simultane-
ously in the framework of this project, are evident. Nevertheless, this single probe can be seen as
a limited version of the PZ DP, since it cannot evaluate PWV and hence local arterial stiffness.
As a result, this instrument was only used in the initial phase of this work, more precisely in the
experimental characterization of the test bench systems, due to its ease of use and simplicity.
A very preliminary version of a single probe was investigated and tested by the GEI-CI group,
in 2008, to determine the feasibility of PZ sensors in extracting the pulse pressure in the carotid
artery [37]. Nevertheless, in this new version, several improvements were accomplished relatively
to the previous one, namely in what concerns its mechanical design, interface ergonomy and
sensor's package.
The novel single probe is depicted in figure A.1 and is composed by a circularly shaped PZ
191
A. Instrumentation Details A.1. Prototypes for Local Arterial Stiffness: Piezoelectric Single Probe
(a) (b)
Figure A.1: The PZ single probe configuration. (a) Internal view: 1 - PCB; 2 - PZ;
3 - 'mushroom' PVC interface; 4 - flat cable. (b) External view: 4 - enclosure; 5 -
Binder c© plug.
sensor (MURATA R© 7BB-27-9 Sounder, 27 mm diameter) that after a slight incision is settled on a
perforated double layer PCB that allows not only its physical attachment but also the oscillations
of the PZ disk. The signal conditioning electronics, whose schematic can be consulted in the last
section of this Appendix, is integrated on the bottom part of the PCB and is based on a voltage
mode amplifier (LM321, Low Power Single Op Amp, National Semiconductor) which is set to a
gain of ≈ 2.
The probe is encased in a plastic box (OKW Enclosures, 52 mm x 32 mm x 15 mm) and its
mechanical interface consists of a mushroom-shaped piece of PVC (15 mm diameter in top), that
is fixed to the PZ's centre. The signal acquisition is accomplished using the measurement system
described in subsection 3.2.1 that is also common to other sensors/probes.
This probe has already been re-adapted in order to reproduce the morphology of the pulsatile
APW, and its main attributes, and was the object of study by other research team members [4].
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A.2 Evolution of the Prototypes for Arterial Blood Pressure and
Pressure Waveform Assessment
In this section, the different versions of the developed prototypes aiming ABP/APW are depicted
in figures A.2, A.3, A.4, A.5 and A.6. Only the measuring probes are represented since they
constitute the most innovative element of each of these prototypes. Besides that, nearly all
the acquisition systems present the same configuration, using a commercial DAQ module from
National Instruments to acquire the signals, a power supply module and a conditioning circuit
for amplifying the signals.
Each of the measuring probes is classified first accordingly to the operation principle on which
they rely and then on the chronological order of their development. Type A probes are based on
a spring-loaded mechanism; the type B probe is based on a rigid mechanism and type C probes
are based on an amplitude modulation process.
(a)
(b) (c)
Figure A.2: First developed spring-loaded probes. (a) Prototype A1 (external and
internal views). (b) Prototype A2. (c) Prototype A3.
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(a)
(b)
Figure A.3: Spring-loaded probes' external and internal views. (a) Prototype A4.
(b) Prototype A5.
Figure A.4: Rigid probe of prototype B1.
For a better acquaintance of the developed prototypes, the most important features and
drawbacks are synthesized in tables A.1 and A.2.
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(a) (b)
(c) (d)
(e) (f)
Figure A.5: Amplitude modulation probes. (a) Prototype C1. (b) Prototype C2.
(c) Prototype C3. (d) Prototype C4. (e) Prototype C5. (f) Prototype C6.
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(a)
(b)
(c) (d)
Figure A.6: Amplitude modulation probes (continuation). (a) Prototype C7 (front
and back views). (b) Prototype C8 (front and back views). (c) Prototype C9. (d)
Prototype C10.
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Table A.1: Comparison between the main features of the developed ABP/APW prototypes.
Probe PCB Size (mm) Acceleration Sensors Other Transducers Development Date
Quantity Reference Quantity Type Function
A1 63.0 x 14.1 1 ADXL2031 - - - Dec 2006
A2 63.0 x 14.1 2 ADXL203 - - - Mar 2007
A3 63.0 x 14.1 2 ADXL203 1 PZ Reference Jun 2007
A4 125.2 x 17.7 2 MMA7260QT2 - - - Sep 2008
A5 149.5 x 17.7 2 MMA7260QT 1 PZ /Photodiodes References Sep 2008
B1 42.8 x 18.0 1 MMA7260QT 1 PZ Reference Apr 2009
C1 73.5 x 23.4 1 KXR94-22833 1 PZ Vibrator Jul 2011
C2 73.5 x 23.4 1 KXR94-2283 1 DC Motor Vibrator Jul 2011
C3 73.5 x 23.4 1 KXR94-2283 1 Speaker Vibrator Jul 2011
C4 68.0 x 28.0 1 KXR94-2283 1 PZ Vibrator Oct 2011
C5 68.0 x 28.0 1 KXR94-2283 1 Speaker Vibrator Oct 2011
C6 79.0 x 28.0 1 KXR94-2283 2 Speaker Vibrator Oct 2011
C7 97.3 x 45.5 2 ADXL203 1 PZ Vibrator Feb 2012
C8 96.2 x 41.0 2 ADXL203 1 PZ Vibrator Sep 2012
C9 100.5 x 41.0 1 ADXL203 1 PZ Vibrator Apr 2013
C10 57.1 x 36.5 1 ADXL203 1 PZ Vibrator/Reference Apr 2013
1 ADXL203: dual-axis, ±1.7 g full-scale range, 1000 mV/g sensitivity, 2.5 kHz bandwidth, 110 µg/√Hz.
2 MMA7260QT: tri-axis, ±1.5 g full-scale range, 800 mV/g sensitivity, 350 Hz (xy), 150 Hz (z) bandwidth, 350 µg/√Hz.
3 KXR94-2283: tri-axis, ±2.0 g full-scale range, 1000 mV/g sensitivity, 800 Hz bandwidth, 45 µg/√Hz.
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Table A.2: Evolution of the developed prototypes for ABP/APW assessment.
General Principle Probe Technical Advances Drawbacks
A1 -
A2
Mechanically differential structure (2 ac-
celerometers) for operator's artefacts elimina-
tion
Spring-loaded coupling between the mechanical
interface and the PCB that contains the
acceleration sensor
A3 PZ sensor integration for temporal reference
Mechanics: high friction between the PCB and the
aluminium enclosure. Operating Principle: Low
SNR for acceleration signals. Double differentiated
APW. No ABP assessment.
A4 More flexible spring (k)
Spring-loaded coupling between two independent
PCBs: one is fixed to the enclosure and the other is
movable and contains the mechanical interface.
Mechanically differential structure
A5
PZ and photodiodes integration for temporal
reference and determining movable PCB's dis-
placement
Mechanics: heavy probes, worst ergonomics, high
friction between the PCB and the aluminium
enclosure. Operating principle: low sensitivity and
SNR. No APW and ABP assessment.
Rigid coupling between the PCB and the PZ that is
used as interface and temporal reference
B1 Mechanical simplification
Operating principle: low sensitivity and SNR. No
APW and ABP assessment.
C1 PZ used as a vibrator
C2 DC motor used as vibrator
C3 Speaker used as vibrator
C4
C5
C6
Alignment between accelerometer and the
vibrator(s)(1 PZ, 1 and 2 speakers
respectively for C4, C5 and C6
Electronics: limited accelerometer's bandwidth.
Mechanics: probe's ergonomics, inadequate
mechanical interface (ineffective transmission of the
APW), unit does not vibrate enough. Ineffective
calibration process.
C7
Beam-shaped connecting structure: rear part
is fixed and front part is suspended and con-
tains the sensing elements (PZ and 2 orthogo-
nal accelerometers)
Ineffective modulation due to PZ support.
C8
Same as C8. Vibrator (PZ) is held in place
using a three equilateral foot folder configura-
tion. PZ's current measuring.
C9
Same as C9. Removal of one accelerometer.
Vibrator (PZ) is orthogonal to the PCB.
Ineffective modulation: excessive sensitivity
and very low range. Ineffective calibration
process.
Amplitude modulation based probes, using a
vibrator-accelerometer unit. Sensing elements are
mounted on the same PCB.
C10
Mechanical simplification. No local signal con-
ditioning electronics.
-
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A.3 Electronic Circuit Schematics
In this section, the schematic diagrams of the electrical circuits that compose the prototypes for
local arterial stiffness and ABP/APW assessment are depicted.
A.3.1 Local Arterial Stiffness Prototypes
Figure A.7: Schematic diagram of the PZ DP's local conditioning circuit - first
generation of prototypes.
Figure A.8: Schematic diagram of the PZ single probe electronic circuit - first
generation of prototypes.
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Figure A.9: Schematic diagram of the acquisition system conditioning circuit - first generation of prototypes. The circuit incorporates
a power supply and two amplification blocks dedicated to accelerometer and respiration based probes.
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Figure A.10: Schematic diagram of the PZ DP's local conditioning circuit - second
generation of prototypes.
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A.3.2 Arterial Blood Pressure and Waveform Prototypes
Figure A.11: Schematic diagram of the measuring probe C4 conditioning circuit.
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Figure A.12: Schematic diagram of the prototype C10 conditioning circuit.
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APPENDIXB
Additional Experimental Results
In this appendix, further results related to the experimental characterization of the ABP/APW
prototypes are presented. The first section focuses on the results obtained with prototype C4 in
the waveform analysis experiment. The second section addresses the results accomplished with
prototype C10 in the waveform calibration study.
B.1 Prototype C4 - Waveform Analysis
In chapter 7, subsection 7.1.1 the ability to accurately reproduce the morphology of the pressure
waves using demodulation process has been proved.
Nevertheless, only the signals obtained in the first acquisition (A1) with prototype C4 on the
hydraulic test bench system III were presented.
In this section, the waveforms obtained in the remaining acquisitions for each demodulation
algorithm and method will be displayed.
Each figure illustrates one set of signals obtained with prototype C4, comprised of three ac-
celerometric modulated carriers (a, b, c) and compares the waveforms recovered after demodulation
with its reference signal, obtained invasively with a manometer.
Five different methods were applied to assess wave morphology. The first three methods,
presented in subfigures (b), (c) and (d), use the upper and lower profiles extracted from the
modulated carriers with the EDA. The last two methods, depicted in subfigures (e) and (f),
make use of the time profiles extracted from the carrier signals using the PDA.
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Figure B.1: Acquisition 2: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.2: Acquisition 3: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.3: Acquisition 4: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.4: Acquisition 5: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.5: Acquisition 6: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.6: Acquisition 7: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.7: Acquisition 8: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
212
B. Additional Experimental Results B.1. Prototype C4 - Waveform Analysis
-1.5
-1
-0.5
 0
 0.5
 1
 1.5
 2
 2.5
 3
 0  1  2  3  4  5  6
Vo
lta
ge
 [V
]
Time [s]
c
b
a
ref
(a)
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  1  2  3  4  5  6
Am
pl
itu
de
 [A
.U
.]
Time [s]
Reference
MDIFmov
(b)
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  1  2  3  4  5  6
Am
pl
itu
de
 [A
.U
.]
Time [s]
Reference
MTOTa
(c)
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  1  2  3  4  5  6
Am
pl
itu
de
 [A
.U
.]
Time [s]
Reference
MUPmov
MLPmov
(d)
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  1  2  3  4  5  6
Am
pl
itu
de
 [A
.U
.]
Time [s]
Reference
MTPmov
(e)
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  1  2  3  4  5  6
Am
pl
itu
de
 [A
.U
.]
Time [s]
Reference
MTOTb
(f)
Figure B.8: Acquisition 9: amplitude-modulated and demodulated signals compared
with the original modulating signal (reference). (a) Accelerometric modulated carriers
in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.9: Acquisition 10: amplitude-modulated and demodulated signals com-
pared with the original modulating signal (reference). (a) Accelerometric modulated
carriers in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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Figure B.10: Acquisition 11: amplitude-modulated and demodulated signals com-
pared with the original modulating signal (reference). (a) Accelerometric modulated
carriers in x, y and z directions (a, b and c) and manometer signal, ref . (b) Waveform
obtained using the MDIFmov and reference waveform (c) Waveform obtained using
the MTOTa and reference waveform. (d) Waveforms obtained using the MUPmov
and the MLPmov and reference waveform. (e) Waveform obtained using the MTPmov
and reference waveform. (f) Waveform obtained using the MTOTb and reference
waveform.
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B.2 Prototype C10 - Waveform Calibration
This section concludes the results accomplished in the waveform calibration study, where various
experimental calibration curves were used to quantify the pressure waveforms obtained in the
hydraulic test bench system III.
In chapter 7, subsection 7.2.3, the characteristic pressure values estimated with prototype
C10 were compared with those measured with the manometer. However, only the first signals
obtained in each set (i.e. A1, B1, C1, D1) were depicted.
This section will be divided into two main subsections, according to the type of calibration
curve. The first illustrates the calibrated pressure waveforms obtained with the electrical power
- pressure curves, and the second presents the results achieved with the acceleration - pressure
curves.
In both cases and for each figure the reference waveform (manometer) and the relative error
evolution will be also displayed.
B.2.1 Electrical Power Based Calibration
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Figure B.11: Comparison of the pressure waveforms obtained in data set A with
prototype C10 using the power calibration curve presented in figure 7.14a and with
the manometer (reference). (a) Data set A2. (b) Data set A3.
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Figure B.11: Comparison of the pressure waveforms obtained in data set A with
prototype C10 using the power calibration curve presented in figure 7.14a and with
the manometer (reference) (continuation). (c) Data set A4. (d) Data set A5.
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Figure B.12: Comparison of the pressure waveforms obtained in data set B with
prototype C10 using the power calibration curve presented in figure 7.14b and with
the manometer (reference). (a) Data set B2. (b) Data set B3. (c) Data set B4. (d)
Data set B5.
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Figure B.12: Comparison of the pressure waveforms obtained in data set B with
prototype C10 using the power calibration curve presented in figure 7.14b and with
the manometer (reference) (continuation). (e) Data set B6. (f) Data set B7. (g) Data
set B8.
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B.2.2 Acceleration Based Calibration
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Figure B.13: Comparison of the pressure waveforms obtained in data set C with
prototype C10 using the acceleration calibration curve presented in figure 7.15a and
with the manometer (reference). (a) Data set C2. (b) Data set C3. (c) Data set C4.
(d) Data set C5. (e) Data set C6. (f) Data set C7.
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Figure B.13: Comparison of the pressure waveforms obtained in data set C with
prototype C10 using the acceleration calibration curve presented in figure 7.15a and
with the manometer (reference) (continuation). (g) Data set C8. (h) Data set C9.
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Figure B.14: Comparison of the pressure waveforms obtained in data set D with
prototype C10 using the acceleration calibration curve presented in figure 7.15b and
with the manometer (reference). (a) Data set D2. (b) Data set D3. (c) Data set D4.
(d) Data set D5.
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Figure B.14: Comparison of the pressure waveforms obtained in data set D with
prototype C10 using the acceleration calibration curve presented in figure 7.15b and
with the manometer (reference) (continuation). (e) Data set D6. (f) Data set D7.
(g) Data set D8. (h) Data set D9. (i) Data set D10. (j) Data set D11.
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Figure B.14: Comparison of the pressure waveforms obtained in data set D with
prototype C10 using the acceleration calibration curve presented in figure 7.15b and
with the manometer (reference) (continuation). (k) Data set D12.
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